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ABSTRACT
Foreign object impact on composite materials continues to be an active field due to
its importance in the design of load bearing composite aerostructures. The problem
has been studied by many through the decades. Extensive experimental studies have
been performed to characterize the impact damage and failure mechanisms. Lead-
ers in aerospace industry are pushing for reliable, robust and efficient computational
methods for predicting impact response of composite structures. Experimental and
numerical investigations on the impact response of fiber reinforced polymer matrix
composite (FRPC) laminates are presented. A detailed face-on and edge-on impact
experimental study is presented. A novel method for conducting coupon-level edge-on
impact experiments is introduced. The research is focused on impact energy levels
that are in the vicinity of the barely visible impact damage (BVID) limit of the mate-
rial system. A detailed post-impact damage study is presented where non-destructive
inspection (NDI) methods such as ultrasound scanning and computed tomography
(CT) are used. Detailed fractography studies are presented for further investigation
of the through-the-thickness damage due to the impact event. Following the impact
study, specimens are subjected to compression after impact (CAI) to establish the ef-
fect of BVID on the compressive strength after impact (CSAI). A modified combined
loading compression (CLC) test method is proposed for compression testing follow-
ing an edge-on impact. Experimental work on the rate sensitivity of the mode I and
mode II inter-laminar fracture toughness is also investigated. An improved wedge-
insert fracture (WIF) method for conducting mode I inter-laminar fracture at elevated
xviii
loading rates is introduced. Based on the experimental results, a computational mod-
eling approach for capturing face-on impact and CAI is developed. The model is then
extended to edge-on impact and CAI. Enhanced Schapery Theory (EST) is utilized
for modeling the full field damage and failure present in a unidirectional (UD) lam-
ina within a laminate. Schapery Theory (ST) is a thermodynamically based work
potential material model which captures the pre-peak softening due to matrix micro-
cracking such as hackling, micro fissures, etc. The Crack Band (CB) method is uti-
lized to capture macroscopic matrix and fiber failure modes such as ply splitting and
fiber rupture. Discrete Cohesive Zone Method (DCZM) elements are implemented
for capturing inter-laminar delaminations, using discrete nodal traction-separation
governed interactions. The model is verified against the impact experimental results
and the associated CAI procedures. The model results are in good agreement with





1.1 Foreign Impact on Composite Laminates and the Asso-
ciated Modeling Challenges
Composite laminates are widely used in many industrial applications because they
offer an attractive strength to weight ratio as well as application specific tailoring
of the material lay-up. The use of composites in the aerospace industry is rapidly
increasing and slated to be a mainstay in many future platforms. Once a composite
structure is in service it is likely to be subjected to impact from different sources,
such as bird impact, collision with another vehicle or tool drops during maintenance,
to name a few. The last example given belongs to the category of low-velocity (or
low-energy) impacts. Low velocity impacts can cause internal damage while showing
minimal surface damage. This type of damage generally falls in the category of Barely
Visible Impact Damage (BVID). The internal damage could initially be negligible.
However, if it goes unnoticed it could grow under repeated load cycles and possibly
result in a catastrophic structural failure. The compressive strength after impact
(CSAI) of a structure subject to BVID impact has been shown to be lower than
that of the pristine structure [2, 3, 23], depending on the level of impact force and
impact energy. A significant amount of work has been conducted on the impact of
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laminated composites where the majority of the research has been on the impact
response, impact damage mechanisms and extent of damage, as well as the structural
strength after impact. Work in the field was summarized and reviewed by Abrate in
1991 and 1994 [2, 3] and by Davies and Olsson in 2004 [23]. Some of the relevant work
in the field will be summarized next, this is by no means an exhaustive summary.
Joshi and Sun [61] studied the impact on a strip with a spherical indenter. Ex-
perimental results showing detailed damage plots were presented. A plane-strain
based model was introduced to study the event. Matrix cracking at the mid-plane of
the laminate were shown to be driven mainly by transverse shear stresses. Jih and
Sun [58] studied the delaminations induced by a low velocity (large mass) impact on
composite laminates. Curing stresses were found to have a significant effect on de-
lamination estimates in crossply laminates with multiple ply stacking. Delamination
footprint predictions using static value fracture toughness were found to agree well
with experiments.
Potti and Sun [92] studied the penetration and delamination in thick composite
laminates. A static punch curve was used for predicting the penetration process
of thick laminates. They reported that delamination grows with increasing impact
velocity up until the ballistic limit. Past the ballistic limit the delamination areas
were seen to decrease. A ring element model utilizing a critical shear strain criterion
accurately captured the delamination areas for different impact velocities.
Sankar and Kwon [104] studied the static indentation-flexure and low-velocity
impact of simply supported circular graphite/epoxy laminates. Testing was done
with two different indenter radii, three different laminate stacking sequences and
three different plate radii. Static tests showed significant differences between failure
loads for traditional quasi-isotropic laminates than for cross-ply laminates of the same
thickness. The quasi-isotropic laminates showed a larger peak force, however the
cross-ply showed a more gradual damage growth.
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Springer et al. [33] studied the delaminations in composite plates under transverse
impact loads. Multiple material systems were used in the impact study. The results
showed the variance of many impact variables such as the effect of impactor velocity,
impactor mass and diameter, difference in ply angle mismatch and so forth. The
data was compared to results from the Finn-Springer model [34], agreement between
experiments and model were reported as reasonable.
In the work by Hallet et al., [44] the rate effects of carbon fiber T300/914 material
were investigated at impact strain rates. The material was seen to have a small rate-
dependence. The experiments were also modeled using LS-DYNA3D, results showed
good agreement with initiation while propagation of damage was captured incorrectly.
The experimental data of a cross-ply composite laminate subjected to three point
bend impact using a gas gun was also investigated [43]. High speed photography
was used to capture the locations, initiation and growth, of matrix cracking and
delaminations.
In other studies, Hallet et al. [48] conducted a numerical study of impact on
a composite laminates using a 3D Finite Element (FE) model implemented in LS-
DYNA3D. In-plane and through-the-thickness failure criteria were utilized, delami-
nation was modeled by an in-plane failure criteria. The reported results were in good
agreement with experiments. In a more recent study [20] the impact and CAI behav-
ior of variable angle tow (VAT) laminates was studied numerically. Cohesive elements
were used to predict delamination, a bi-linear cohesive law was used. Ply-splitting
was modeled using cohesive contact between in-plane elements. Impact results were
then used for the initial damage state of the laminate subject to virtual CAI. The
study gave good insight into the impact damage and CAI of VAT laminates, further
experimental study would be essential.
Takeda et al. [122] used small diameter fiber Bragg grating (FBG) sensors to mon-
itor the delamination growth of laminated composites during a low-velocity impact
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event. The method was found to be effective to capture to the extent of delamination
in a laminated structure subject to impact.
Hu et al. [49] introduced a new cohesive modeling method where stable delamina-
tions of transversely loaded laminates can be predicted with a reasonably coarse mesh.
A pre-softening zone was introduced ahead of the crack tip where the penalty stiffness
and cohesive strengths of the elements would be degraded with increasing separation.
The onset displacement was not altered using this method and the fracture toughness
was kept constant. The cohesive model was verified with simple benchmark problems
before being applied to an impact problem. Delamination footprint captured by the
impact model showed good agreement with experimental data.
Devivier and Wisnom [27] proposed a simple measurement technique, deflectom-
etry, for detecting impact damage in composite laminates. The method uses high
quality surface slope measurements (provided by the deflectometry method) to accu-
rately capture the locations and extent of damage in the composite laminate. Results
showed great agreement with damage extent gathered from ultrasound scanning. In
previous work by Kim, Wisnom et al. [64] the virtual fields method (VFM) had been
used as an inverse method for obtaining the local loss of stiffness from full field mea-
surements. The VFM method was shown to pick up the location of damage as well
as giving a good estimate of the stiffness reduction in the impact damage area.
Zhang et al. [139] used quasi-static loading in their model to predict low-velocity
impact results. Cohesive elements were inserted in potential damage zones to capture
in-plane matrix cracking and delaminations. A contact stiffness was introduced in to
the cohesive formulation to model contact induced friction. Matrix cracks were found
to play an important role in capturing delaminations correctly. The model, using
quasi-static loading, showed good agreement with experimental data.
Yashiro et al. [134, 135] investigated the high-velocity impact response and dam-
age of composite laminates, both experimentally and numerically. In part I the ex-
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perimental results were presented in detail. The damage mechanisms were studied
by utilizing fractography as well as soft X-ray photography. Part II presented the
numerical modeling of the high-velocity impact event. A smoothed particle hydro-
dynamics (SPH) model was introduced, which allows for large deformations, contact
and separation of objects. Cohesive layers were introduced to capture delaminations.
Two way symmetry was utilized when the problem was modeled and therefore only
1/4 of the experimental setup was modeled. Caution should be taken when assuming
symmetry in an impact problem, as is mentioned later on. Numerical results showed
good agreement with experimental findings.
The effect of ply clustering and mismatch angles between adjacent plies (dispersed
stacking sequence) in laminates under low-velocity impact and CAI have been inves-
tigated [35, 108]. A reduction in impact peak load was seen with introduction of
clustering. The CSAI of laminates with ply clustering was higher than those without,
with impact energies kept consistent. The study of mismatch angles between adjacent
plies showed that by reducing the mismatch angle the low-velocity impact response
and CSAI could be improved. Lowering the mismatch angle resulted in less inden-
tation, smaller number of delaminations however larger in extent at some interfaces.
Increase in CSAI was seen with a lower mismatch angle.
Further study on dispersed stacking sequences has been done both experimentally
and numerically [69, 71]. A stacking sequence design method was proposed, where
the axial and bending stiffness of the laminate is kept constant while the layup is
adjusted for more dispersed ply angles. A traditional laminate layup was compared
to two alternative layups produced by the design method. The laminates were subject
to low-velocity impact and CAI. No clear benefit of dispersing the stacking sequence
was seen. The traditional laminate showed a higher CSAI than the two alternatives.
Shi and Soutis [111] recently published a brief introduction and overview of dam-
age theories of composite materials as well as introducing an FE impact model for
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predicting the impact response and damage. Cohesive elements were used in-plane
to capture ply splitting that is observed in experiments. Reasonable agreement with
experiments was achieved.
Due to the high demand from industry to quantify and accurately predict impact
damage and the post-impact strength of the structure, there is renewed interest in
developing models to capture the impact damage event and to predict CSAI, the
latter being sensitive to the impact damage state. It is therefore necessary that the
effects of the impact damage be captured correctly to have a reasonable chance of
predicting the CSAI [84]. Analytical models have been proposed for quick assessments
of impact peak loads, duration and the onset of failure as well as delamination growth
during impact [82, 83] as well as for quasi-static loading [132]. These models are good
for initial calculations and assessments however when it is needed to predict the full
damage extent of the laminate accurately, on a ply and interface level, numerical
methods are needed. Such a task is important for predicting the CSAI strength
accurately.
The FE method has now become a mainstay in the stiffness and strength analysis
of aerospace load bearing components and assembled structures. The FE method
allows for modeling individual damage and failure mechanisms, at the ply level in a
composite material, as well as the interaction between the two. Furthermore, with
the adoption of multi-scale analysis and parallelization of commercial FE codes, the
ability to assess fiber-matrix scale (micromechanics) damage and its influence at the
macroscopic level is becoming mature [136, 137], and computational run times are
increasingly becoming amenable to use by industry. Many damage and failure mod-
eling techniques have been introduced previously that capture the impact event to a
good extent. Some relevant and up to date models will be summarized below and
used as discussion for the remainder of the paper, by no means an exhaustive list.
Bouvet et al., [11–13, 47, 101] introduced a discrete 3D FE model which utilizes
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cohesive elements to model both inter-lamina delamination as well as intra-lamina
matrix cracking. Compressive and tensile fiber failure was implemented using the
crack band model by Bazant [9]. Due to the nature of the modeling technique, a
fiber-orientated mesh is needed and therefore would prove difficult for modeling non-
traditional laminates of arbitrary ply angles. Symmetry was utilized and therefore
only half of the problem was modeled, but caution should be taken when assuming
symmetry. At the first sign of damage in the structure, which necessarily may not be
symmetric, the assumed symmetry is broken. Therefore this assumption should not
be used for modeling impact damage in composites, particularly when it is needed to
introduce randomization of material properties. Furthermore, if one takes account of
the cure cycle, in the presence of unavoidable manufacturing induced imperfections,
then it is likely that the form of residual stress (and strain) state that is present will
destroy the assumed symmetry in the problem, to begin with.
Bouvet’s 3D FE model was shown to correlate well with experimental results for
a [02, 452, 902,−452]s laminate subject to impacts at different energies. Delamina-
tion patterns on a ply by ply level were captured with great accuracy. The method
was then extended to include compression after impact (CAI), and shown to be in
agreement with experimental results. It is noteworthy to mention that the original
development of the model was intended for simulating the impact event to under-
stand the failure mechanisms that are required for accurately capturing the impact
response and damage. Therefore, as mentioned by the authors, due to mesh sensitiv-
ity, the method is better suited for simulations instead of predictions. Two additional
non-quantified material constants related to the indentation are also needed. Since
those values were not measured accurately, a reference impact problem is required to
calibrate those values.
Falzon et al., [29] also introduced a 3D FE model utilizing continuum damage
mechanics (CDM) and the built in cohesive contact for inter- and intra-lamina damage
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and failure, respectively. The cohesive contact is available in the commercial software
ABAQUS. The model accounts for fiber compressive and tensile failure. Shear non-
linearity due to matrix micro cracking is modeled as well as matrix compression,
tension and shear failure. The model was made mesh objective by correctly calculating
the characteristic length and adjusting the fracture toughness accordingly. The model
showed good agreement with the overall experimental load response and the projected
delamination area. In-plane matrix damage was over predicted, spanning a large area
of the laminate in some plies. Calibration of the model was done by using in-situ
strength values, and better agreement for damage was achieved but the load response
started to deviate from the experimental results. Compression after impact for the
laminate coupon was also simulated and showed an overall good agreement with
experimental results.
Lopes et al. [70] introduced a high-fidelity computational model for simulation of
low-velocity impact damage in composite laminates. A continuum damage approach
was introduced for capturing intra-lamina damage coupled with intra-ply cohesive el-
ements for ply splitting. Cohesive elements were used for capturing delaminations. A
structured mesh aligned with the fiber direction of each ply was utilized for capturing
ply splitting and delamination interactions. An element erosion criteria and intra-
and inter-laminar friction allowed for capturing permanent indentation due to fiber
splitting.
While much work has been done in the field, there is still an immense requirement
for further improved prediction capabilities. The major push from industry is a model
that can be used for any arbitrary laminate stacking, and layup angles, ranging from
thin to thick, all while keeping the computational time as low as possible. During the
development of computational tools, it is easy to loose sight of the practical utility of
the developed model. In many cases, there is a tendency to attack simple problems
for model development and trouble shooting, however, the complexity of a larger
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problem may not be amenable to being produced through an induction process of
building up from a set of smaller problems. While the simple model problems provide
insight, interaction between different and multiple damage and failure mechanisms
renders extensions to real problems difficult. The ability to break-up and reduce
a problem to a set of simpler problems does not imply that one can construct the
whole from the reduced parts. Interestingly, the impact damage and CAI problem
of composites, falls into this problem class. It is the interactions between different
mechanisms that dictate the outcome of the impact and CAI problems. In physics,
a similar discovery led to the award of the Nobel prize to the American Physicist,
P.W. Anderson [4]. High fidelity and computationally efficient models of the impact
and CAI problems need to be advanced to solve real problems from industry. With
the growth of laminated structures of very high ply counts with limited amount of
ply stacking, as well as with increasing interest in non-traditional laminates and
automated fiber placed structures, it is necessary to develop robust computational
tools for impact and CAI predictions. Much remains to be done in this field.
In the following introduction sections, impact damage mechanisms and inspec-
tion methods will be reviewed as well as the computational methods currently being
developed. The focus will be on currently used damage measuring techniques. Im-
pact modeling will be overviewed in a general sense, with the scope being currently
developed models and the requirements for moving forward.
1.1.1 Impact Damage Mechanics
Laminated composite structures subject to low-velocity (low-energy) impact have
a set of rich and intriguing failure mechanisms. While the structures’ surface can show
minimal signs of the impact event, the internal structure can have extensive damage
showing a combination of interacting intralaminar (fiber and matrix) and interlaminar
(delamination) failure modes. The impacted surface will show indentation, as well
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as, depending on impact energy, signs of compressive matrix failure and/or fiber
kinking of the top most layers, Figure 1.1. The compressive failure on the surface will
initiate at the impactor-laminate contact boundary and travel outwards parallel to
the fiber direction in case of matrix failure and perpendicular to the fiber direction
for fiber compressive failure. Depending on layup, boundary conditions and material
properties, the surface matrix cracks can be driven by fiber failure in the second layer
and therefore traveling in an orientation neither parallel nor perpendicular to the
fiber direction of the first layer, as presented in Figure 1.1.
The back surface (non-impactor side) of the laminate will be in tension and there-
fore it can show signs of splitting of the outer back surface ply, and in some cases
fiber rupture can be achieved if the flexural deflection is large enough. In recent stud-
ies, the in-situ out-of-plane deflection has been recorded as a function of time, using
an angled mirror placed beneath the specimen and using alignment optics to record
images of speckled back surface. 3D digital image correlation is used to attain full
field out-of-plane displacement fields [123]. Such information is valuable in identifying
the temporal evolution of damage on the laminate response modeled using the FE
method, where mechanism based models are favored over empirical ones.
The most commonly used method for identifying the internal damage of an im-
pacted laminate is ultrasound scanning (C-scanning). High-quality ultrasound scan-
ning requires the specimen to be submerged in an ionized water tub with the measur-
ing probe. The water acts as a transfer medium for the sound waves before reaching
the specimen. In-situ ultrasound scanning techniques have been developed where
the specimen does not need to be submerged in a tub, instead a thin water layer is
applied to surface prior to scanning. The in-situ ultrasound results are however far
less detailed and simply give a good estimate of the impact area. Recent advances
by Pelivanov et al. using a high-frequency fiber-optic laser-ultrasound scanner which
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a) General back surface damage (non-impacted side). Speckled for DIC purposes.
b) General front surface damage (impacted side).
Figure 1.1: Surface damage for a 20J impact, 24kg mass.
damage. The method has been used effectively in accessing thermal induced damage
[87] and impact induced damage [86] in composite materials.
Utilizing the ultrasound method on impacted laminates provides the user with
step-wise delamination patterns, where the delamination depth can also be acquired.
Figure 1.2 shows a general ultrasound result [126]. Figure 1.2 (a) shows a depth
contour which shows the depth of each delamination, while Figure 1.2 (b) and 1.2
(d) show the signal intensity for the front and back surface, respectively. Figure 1.2
(c) shows the through-the-thickness damage of a section traversing vertically through
the center of the impact. The widely reported conical shape of the delaminations
[2, 23] can be observed. Due to the physics of the method, the top most (from the
measuring probe) damage will overshadow anything underneath.
Delamination shapes are often referred to as being “peanut” shaped and orientated
in the fiber direction of the lower ply of the interface [2, 23]. The delamination shapes
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Figure 1.2: Ultrasound results for a 20J impact, 24kg mass.
at each interface are often estimated from ultrasound results and the unknowns are
extrapolated following the peanut shape trend. Abrate reported in his second impact
review that several investigators had described delamination shapes being bounded
by splitting in the top ply of the interface [3].
These delamination patterns were reported as early as 1991 by Clark and Saunders
[17] and in 1993 by Hull and Shi [52], where the delaminations are shown to have
two general trends. The first one being between plies with a 90 difference in angle,
where the shape is somewhat like the peanut shape with a non-delaminated area in
the center which is bounded by splitting of the top ply and therefore perpendicular to
the elongated orientation of the delamination, Figure 1.3(a). The second is for plies
with a 45 difference in angle, where the shape is more like a propeller, following sharp
boundaries formed by the splitting of both, top and bottom layers, Figure 1.3(b).
Fractography has been a widely utilized inspection method for investigating through-
the-thickness impact damage. By sectioning the specimen through the center of the
impact and polishing accordingly, the through-the-thickness damage can be seen in
detail. The downside of this method is, of course, the destructive nature of it. Figure
1.4 shows a microscopic images of a general impact damage. The interaction be-
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Figure 1.3: Ply splits interacting with delamination growth [52].
Figure 1.4: Microscopic image of typical impact damage [23]. Shear matrix crack
interacting with a delamination can be seen, as shown in [124]. The ply
thickness is approximately, 0.2-0.3 mm.
tween an intralaminar matrix crack and interlaminar delaminations can be observed
in close detail. Delamination induced by matrix cracking was observed and modeled
in a simplified case study by Thorsson and Waas et al.[124].
Micro computed tomography (microCT) is currently the most advanced technique
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for visualizing the internal damage of a composite structure. MicroCT scanning
allows for 3D renderings of the impacted laminate to be produced and visualized
at will. Delaminations can be visualized, interface by interface, and through-the-
thickness sections can be produced on the fly. The size restrictions of the scanned
part are consistently being reduced with further advances. With the newest microCT
machines, the scanning of a full sized impact coupon (100mm by 150mm by Thickness)
can be achieved with high detail and accuracy. Very clear details of delamination
shapes, matrix crack and fiber failure locations can be identified. Figure 1.5 shows a
snapshots gathered from a microCT scan of the same impacted specimen as shown
in Figure 1.2.
The top most pictures show the through-the-thickness view of the impacted speci-
men.The delamination and ply split interaction can be seen clearly when the interface
layers are observed. A lot of ply splitting can be seen with crack lengths varying in
lengths. Delaminations bounded by these intra-laminar splitting can be observed
with good detail, sharp transitions from delaminated to intact areas. This is the
same failure mechanism as was shown in Figure 1.3. Fiber rupture can also be cap-
tured in great detail, as can be seen in the center image of Figure 1.5. A sectional
view is also demonstrated, where the interaction between intra-laminar through-the-
thickness shear cracks and delaminations can be seen. The section visualization gives
an exceptional view of the amount of matrix cracking and delaminations the 20J im-
pact caused on this particular coupon. The through-the-thickness section around the
impact is riddled with cracks and delaminations.
1.1.2 Computational Methods
1.1.2.1 Introduction
Early FE models for predicting impact on laminated composites were limited to
damage and failure in the interface layers by cohesive zone modeling [15, 16, 25, 97].
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a) 0°/45° ply and interface damage
b) 0°/90° ply and interface damage
c) Through-thickness section visualization
Figure 1.5: Sample of a microCT result from a 20J impacted specimen.
With increasing computational power and knowledge of the impact damage mecha-
nism more improved models have been developed in the last decade to include in-plane
failure modes such as fiber tensile and compressive failure, and matrix dominated ten-
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(a) Pre-peak non linearity
- micro cracking





- Smeared crack approach
(c) Progressive damage
and failure model
Figure 1.6: Progressive damage and failure modeling schematic as used in EST [88].
Figure 1.7: Micro cracks in a +/-45 laminate subject to tensile loading [77].
sion, compression and shear failure modes.
There are two main differences between the general FE scheme being used by
different investigators. On the one hand there are full 3D models and on the other
hand 3D shell theory based models, utilizing plane stress assumptions. Both methods
have the same principal idea, each lamina is modeled with an individual layer and the
layers are then connected together using cohesive elements or other cohesive methods
that will be discussed later. The shell theory approach is desired due to computational
efficiency while constraining the intralamina damage and failure modeling to the 1-
2 plane. The through-the-thickness shear failure cannot be modeled directly using
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a shell theory approach, yet the effect of it can be captured using a first order (or
higher order) shear deformation theory. The 3D approach, while computationally
more burdensome, allows for modeling of failure modes in each plane (1-2, 1-3 and
2-3).
Damage and failure modeling techniques usually combine a pre-peak response
model and a post-peak softening model, Figure 1.6. Pre-peak nonlinear response due
to matrix micro damage (micro cracks, micro fissures, shear banding etc.), Figure 1.7,
is handled through degradation of the matrix related moduli, E22 and G12 with respect
to in-plane modes. In this pre-peak regime, the tangent stiffness of the assumed stress-
strain response is positive, thus, there are no issues related to mesh objectivity. Micro
cracks are initiated predominantly by shear loading of the matrix, growth is effected
by transverse loading as well and therefore both the transverse and shear moduli
are degraded. Micro-damage is usually modeled using continuum damage mechanics
(CDM) or Schapery Theory (ST) [105], a thermodynamically based work potential
theory. The degradation scheme is backed out from coupon level experimental data.
For example, the degradation of the shear moduli with evolving micro-damage is
backed out from a tensile or compressive test of a ±45◦ coupon. Obtaining the other
parameters is also conveniently carried out with coupon level testing, see for example
results by Sicking and Schapery, [106, 112].
Initiation of failure (or transition from damage to failure), which leads to post-
peak softening, is initiated by a stress or strain failure initiation criterion such as
Hashin-Rotem [45], Mohr-Coulomb, Puck [95, 96] or LaRC0 criteria [24, 91], or any
other established failure criteria. Ultimately, micromechanics modeling, such as that
reported in, [75, 76] or an analytical sub-scale model, such as reported in, [137], are
favored over these transition criteria to establish a sound multi-scale framework that
can be used for this class of problems.
Failure modeling (post-peak) is carried out using discrete and non-discrete meth-
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ods. Discrete failure modeling is achieved by introducing sharp discontinuities at
a macroscopic crack surface. This can be done by utilizing zero-thickness cohesive
elements to model intra-laminar failure modes and by using nodal/element enrich-
ment methods such as eXtended finite element method (X-FEM), [30, 31, 109, 110],
Variational multi-scale cohesive method, [103], continuum decohesive finite element
method (CDFE) [79, 93], the methods of Yang and co-workers which is based on an
extension of CDFE,[32] or the method based on X-FEM, [54]. However, the afore-
mentioned methods are still too early on in their development to be able to handle
impact of composite laminates, and it is unclear if they will yield computationally
efficient schemes. In this regard, the paper by Oliver [81], provides a good discussion.
Failure modeling can also be done using non-discrete, smeared methods. The most
commonly used and known method is the Bazant-Oh Crack Band (CB) model [9].
The CB model introduces a characteristic length parameter in the failure evolution
to ensure a mesh independent solution. This is because the effects of the cracking are
smeared over a characteristic band of known size and this length scale in conjunction
with the energy release rate associated with softening and details of the pre-peak
response provide a well-posed problem in the softening regime. Mixed mode failure
can be achieved by utilizing a mixed mode failure criterion such as a power law
criterion and this is commonly used for mode I, II and III matrix failure. Recently,
an objective, novel mixed-mode criterion which leads to the simultaneous vanishing
of crack face tractions has been reported by Nguyen and Waas [78].
By combining pre-peak damage response due to micro cracking and post-peak
softening response due to macroscopic failure on the lamina scale, the full extent
of lamina level damage and failure can be captured. The transition from damage to
failure requires further study. At present, criteria are used to establish this transition.
In the future, micromechanically informed transition criteria are likely to replace
the traditional (such as the Hashin-Rotem [53]) transition criteria. In the following
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Figure 1.8: Intra-laminar failure modes for uni-directional composite plies.
subsections, the modeling of intra- and inter-laminar failure modes and the interaction
between the two will be discussed. Emphasis will be placed on recent models, as well
as what is required to move forward in modeling capabilities.
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1.1.2.2 Intra-laminar Damage and Failure
The failure modes observed in composite laminates are summarized in Figure 1.8
with respect to the in-plane modes (1-2) as well as showing the matrix out-of-plane
shear mode. Some of these failure modes can also be seen in the microscopic image in
Figure 1.4. In the most common impact studies, the important intra-laminar failure
mechanisms to capture, in no particular order, are, fiber breaking, transverse tensile
failure, matrix in-plane shear (1-2 and 1-3 planes, which are usually assumed to be
the same although that is not the case, and a discussion is beyond the scope of this
paper) and matrix out-of-plane shear (2-3 plane). The transverse compressive failure
mode, although not considered as a major mode of failure, should still be accounted
for in most models. The fracture angle can range between 0◦− 55◦ depending on the
multi axial state of stress as shown by Puck et al., [95, 96].
The compressive failure modes, for both fiber and matrix compression, have a
residual strength associated with them, as shown in Figure 1.8. The residual com-
pressive strength after fiber kink banding and matrix crushing are very difficult to
measure experimentally and therefore these values are usually estimated from cali-
bration simulations. Combined experimental and micromechanics based studies on
the residual strengths would be highly beneficial for further improving computational
models, especially impact models.
Fiber kinking has been shown to be the result of a combination of initial fiber
misalignment, multi-axial loading and matrix non-linear shear response [8, 107]. Mi-
cromechanics models have been developed with those sensitivities in mind to accu-
rately predict the fiber kinking phenomena on a single lamina level scale [7] and a
multilayered composite laminate [94]. The progressive kink development has also
been captured [22]. Impact models tend to simplify the failure mode by introducing
a fiber compressive failure strain (or stress). The fiber compressive failure strain can
be acquired experimentally or by backing it out with a formulation based on matrix
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shear non-linearity, such as the Considere construction, [22]. This simplified approach
has shown good agreement with experimental data.
These four failure modes (fiber breaking, transverse tensile failure, matrix in-
plane and out-of-plane shear failure) are the most commonly referred to modes of
failure when experimental studies on transversely (we refer to this as face-on impact)
impacted composite structures are reported. However, by altering the material prop-
erties of the structure, for instance by making the material of the structure tougher,
the impact response can be altered in a manner where other failure modes become
more influential. It is therefore necessary to capture fiber kinking and matrix com-
pressive failures as well as the rest of the failure modes, as a function of the properties
of the constituents (lamina level, or fiber and matrix level with an understanding of
interfaces). This will result in a more diversified, robust and predictive model.
As mentioned before, by utilizing a 3D modeling approach one can model each of
the failure modes. When a shell theory is used for laminae, the out-of-plane failure
modes are lost, and the largest sacrifice will be the matrix out-of-plane shear mode,
(2-3 plane), see Figure 1.8, bottom right. However the shell models have shown to
be successful for capturing the bending response and failure, by utilizing only the
in-plane failure modes (modeling of each layer individually, and connecting the layers
through cohesive elements), and therefore having reasonable satisfaction of the plane-
stress condition, [60, 126].
1.1.2.3 Inter-laminar Damage and Failure
Inter-laminar failure or delaminations appear due to three common modes, mode
I (peel) and modes II and III for shear, Figure 1.9. Delaminations are modeled using
interface elements referred to as cohesive elements. The cohesive element connects two
surfaces together, with the separation governed by a traction-separation law. Bilinear






𝑀𝑜𝑑𝑒 𝐼 − 𝑃𝑒𝑒𝑙
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𝐺𝑜𝑣𝑒𝑟𝑛𝑖𝑛𝑔 𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟
Figure 1.9: Inter-laminar failure modes.
can be defined for Mode I, Mode II and Mode III delaminations. Mode mixity is
commonly captured by the use of a power law. As previously mentioned, however,
the work of Nguyen and Waas, [78] for mixed mode failure is appealing, where the
crack face tractions vanish simultaneously at crack growth without undergoing a
sudden jump to zero as in the power law models.
Cohesive elements can be of multiple formulations which separate into contin-
uum elements and discrete nodal elements (1D nonlinear elements). Continuum el-
ements are beneficial when modeling a finite thickness cohesive layer but when the
layer thickness decreases the computational cost rapidly increases due to diminish-
ing element size. Discrete nodal elements such as Virtual Crack Closure Technique
(VCCT) and Discrete Cohesive Zone Method (DCZM) elements have been utilized
to model zero and finite thickness cohesive layers. The benefit of having discrete
nodal traction-separation elements is that the degrees of freedom are uncoupled (one
to one connection between two opposing surface nodes or Gauss points). The dis-
crete nodal element is therefore more computationally efficient than the continuum
elements. Cohesive contact, a surface based traction-separation behavior has been
introduced in the commercial finite element code ABAQUS. The cohesive contact is
very attractive due to not having to define any cohesive elements but instead merely
a contact behavior between the two surfaces at the interface.
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Figure 1.10: Intra- to inter-lamina failure interaction.
ever when the face-on impact problem is analyzed, the results are not as good as
one would hope for. The general shape of the delaminations are captured while the
“sharp” and abrupt change from intact to delaminated areas cannot be achieved suc-
cessfully thus far, except by manual insertion of in-plane cohesive elements (a-prior
in selected locations) However this method becomes highly mesh sensitive and com-
putationally heavy. This does not necessarily need to be a deficiency but is merely a
result of the modeling approach. Interactions between intra- and inter-laminar failure
modes need to be clearly understood and implemented in the FE models, and this
topic is further discussed in the next section.
1.1.2.4 Intra- to Interlaminar Interaction
Once the intra- and inter-lamina damage and failure modeling is achieved, the
most important modeling aspect is the interaction between these two modes. This
is a challenging task for modelers. The interaction between a delamination initiated
from an in-plane matrix crack and the propagation of that delamination must be
captured. Figure 1.10(a) shows a schematic of an out-of-plane shear matrix crack
interacting with the interface layer and causing a delamination to grow due to shear.
Figure 1.10(b) shows a tensile matrix crack which then initiates a delamination at
the interface but the crack will not grow without shear loading. The next frame of
this picture (given that load is continuously applied) is that a second matrix crack
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would form, and then a third and so forth due to shear lag effects, as has been shown
in many studies, see for example, Meyer and Waas [75].
The interaction of in-plane and out-of-plane damage and failure modes is a subtle
thing but of very high importance for capturing the impact induced damage correctly.
There are many challenges to be overcome in a numerical model to accurately capture
this event. While it is tempting to duplicate the exact details of a crack and how it
meanders through a structure, such a detailed model may lead to a computationally
intractable model. Understanding and capturing the main effects of these damage
modes on the task at hand (i.e. predicting stiffness loss, predicting strength, predict-
ing fatigue life of an impact damaged structure and so on) is a much more attainable
and important goal for design purposes. Yet, some test cases may be needed to as-
certain the importance of various details of damage modes, and this remains to be
clarified.
Failure mode interactions can be captured with a micro-mechanics model on the
fiber and matrix scale, such as that reported by Meyer and Waas, [75], however, those
models are not suitable for a laminate level event. With the correct interactions mod-
eled, the “sharp” and abrupt change from intact to damage areas could be captured
with a “smeared” modeling approach, as was mentioned previously. This aspect needs
a significant amount of further study. In order to capture the interaction between a
matrix crack and delamination of adjacent layers, a model experiment with sandwich
composites, subjected to three-point bend loading, under static and impact condi-
tions was recently reported in Thorsson and Waas [124]. In that study, the authors
were able to re-produce the experimentally observed result of matrix crack initiation
and subsequent growth leading to delamination. However, much remains to be done
to extend those findings to laminates in a 3D setting, where curved crack fronts and
curved delamination fronts are the norm.
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1.1.3 Conclusion
An overview of the challenges facing the resolution of face-on impact damage to
composite laminates and CAI predictions have been provided. The impact damage
mechanics have been presented with a focus on currently used experimental techniques
for estimating, measuring and visualizing the damage extent due to impact. The
shapes and trends of impact damage, as previously reported in literature, is shown to
be more complex than a lot of models are being bench marked against. Resolution
of the interaction of intra-lamina and inter-lamina failure mechanisms are shown to
be a challenging task.
Industry needs a computationally efficient model. While high-fidelity is desirable,
computational efficiency with respect to capturing the important details of the impact
event and subsequent prediction of CAI is important. For this task, the important
coupon level material properties have to be identified. The state of the art modeling
techniques and their predictive capability for modeling of laminate impact damage
and CAI have been discussed. The necessary lamina level failure modes that need to
be incorporated into models have been discussed, and the inter-lamina failure modes
and techniques necessary have also been discussed. The importance of the interaction
of the two, intra- and inter-lamina failure, has been highlighted as being a challenging
yet important task. The authors feel that there is much work remaining to gain full
understanding of the impact damage prediction event and the assessment of CAI.
Micromechanics based modeling as a tool to gain insight on failure modes and their
interactions is encouraged.
1.2 Objective and Organization of the Thesis
This dissertation contains experimental and computational work on FRPC lam-
inates subject to impact and CAI. The main motivation for the impact work, both
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experimental and numerical, arises from industry needs. There is a growing need
for efficient and effective computational models for predicting the impact response
and post-impact state of composite laminates. It is furthermore required that the
computational model is robust and easily applicable to non-trivial stacking sequences
as well as containing a ply count which is relevant to real problems. The computa-
tional model was therefore designed to be efficient by using plane stress shell elements
in combination with cohesive elements for capturing ply interfacial slipping due to
through-the-thickness shear mismatch. The model combines the EST material model
developed by Pineda and Waas [88–90] and the DCZM element first introduced in a
2D form by Xie and Waas [131] and later extended to 3D by Gustafsson and Waas
[40–42]. EST is able to capture the full field damage and failure of a UD lamina in
the 1-2 plane. EST captures the pre-peak non-linearity due to matrix micro-cracking
using ST. Failure initiation is controlled by a Hashin-Rotem [45] strain based failure
criteria, including mixed mode matrix failure. Post-peak strain softening due to fail-
ure is modeled using the Bažant-Oh CB model. Failure modes that are accounted for
are matrix transverse and shear cracking as well as fiber rupture. The DCZM element
is a node based traction-separation element which captures delamination due to mode
I and mode II loading. Mixed mode failure is handled by a first order power law.
The organization of the thesis is as follows. Chapter II will focus on the face-on
impact and CAI experimental work. First a high fidelity impact study on IM7/8552
laminated composites is presented. Next a BVID impact study and CAI is presented
on a second material system. In Chapter III an experimental approach for conducting
edge-on impact and CAI is presented. An edge-on BVID study is presented with
detailed impact failure mode investigation. In Chapter IV a study on rate sensitivity
of inter-laminar mode I and mode II fracture toughness of FRPC’s is presented.
First a Modified Wedge Insert Fracture (MWIF) method is introduced for conducting
experimental mode I fracture at elevated rates. MWIF method correction factors
26
applicable to the Modified Beam Theory (MBT) fracture toughness calculations are
presented along with experimental results. Next the mode II fracture testing and
results are presented.
In Chapter V the details of the computational intra-laminar material model (EST)
and inter-laminar cohesive element (DCZM) are introduced. Chapter VI then intro-
duces the face-on impact and CAI modeling strategy. The impact and CAI model are
compared to experimental results presented in Chapter II. Chapter VII presents the
edge-on impact and CAI model, using the same modeling strategy as in the face-on
impact model. The model results are compared against experimental data from Chap-
ter III. Chapter VIII then concludes the dissertation with final remarks, a summary
of the research findings including best practices and modeling guidelines, suggested
future work and contributions of the thesis.
1.3 Unique Contributions in this Thesis
The impact failure mechanisms in laminates of industry standards are rich and
intriguing. The damaged/failed state of the structure shows a combination of interact-
ing intralaminar (fiber and matrix) and interlaminar (delamination) failure modes.
The interaction of in-plane and out-of-plane damage and failure modes is a subtle
thing but of very high importance for capturing the impact induced damaged cor-
rectly. It is therefore necessary to develop a computational tool that is able to capture
these effects accurately. A secondary requirement arrives from the industry, where
computational time is one of the biggest factors. High-fidelity experimental data is
of high importance for accurately validating and improving the developed impact
model. The thesis focuses on both the experimental and numerical investigation of
low-velocity face-on and edge-on impact of FRPC’s, with the main focus on BVID
events. The unique contributions of the thesis are as follows:
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1. Detailed experimental (real time) results for face-on and edge-on impact and
CAI of aerospace laminates has been conducted. Different lay-ups and material
systems were investigated. In-situ out-of-plane deformations were captured us-
ing high speed imagery and 3D DIC methods. Detailed post impact CT scans
showing detailed interior damage mechanisms.
2. Introduced a new experimental method for conducting coupon level edge-on im-
pact and CAI. The method allows for a drastic reduction in experimental costs
(material, setup and preparation). Evaluation of the edge-on impact damage
on the stringer of a stiffened panel is captured using a simple laminate coupon.
3. Developed a new experimental method for quasi-static, intermediate and ele-
vated rate mode I fracture characterization using a modified wedge-insert frac-
ture experimental configuration. Detailed analysis and validation of the method
were conducted.
4. Introduced a new robust and efficient, finite element based, mesh objective for-
mulation and model that virtually predicts the face-on impact response and
CSAI of FRPC’s. A continuum shell based model utilizing an in-plane pro-
gressive damage and failure material model and discrete cohesive elements was
introduced. The model successfully captured several failure mechanisms accu-
rately, such as top face kinking, delamination jumps, and moderate interaction
between intra- and inter-laminar failure modes, in a unified model.
5. Extended the shell element model to predict edge-on impact responses and
CSAI of FRPC’s. Limited FE modeling of edge-on impact has been reported in
literature, especially for realistic aerospace laminates. The model showed good




Face-on Impact Experimental Work
2.1 Introduction
In this chapter the experimental results for face-on impact and CAI are presented.
Face-on impact and CAI of fiber reinforced polymer matrix composites has been
studied by many, as was reviewed in Chapter I. With computational models being
developed and utilized for impact and CAI predictive capabilities it is important
to have the necessary experimental data to evaluate these models. It is tempting to
choose laminate stacking sequences which introduce ply clustering and therefore result
in a limited number of critical interfaces. These laminates subject to impact will show
simplified failure modes and their interactions. While experiments on such laminates
are good for initial model validation it is clear that more realistic laminate designs, in
accordance with industry design guidelines, are required. It is also important to look
to the future and what the industry design allowable may develop to include. Non-
traditional laminate (NTL) stacking sequences containing ply angles of any arbitrary
degree are a continuously increasing interest in industry, although it is not at the
level of being used for structures in service at the current time.
It is therefore necessary to not only gather indepth experimental data for impact
and CAI but to do so for laminates with ply counts and stacking sequences of rel-
evance. In this chapter two different impact studies on different material systems
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are presented. First an impact study of a 20 ply specimen with a industry stan-
dard layup ([50/40/10]) and material (IM7/8552) is presented. The nomenclature
([50/40/10]) refers to 50% of 0◦ plies, 40% of ±45◦ plies and 10% of 90◦ plies. Im-
pact was conducted at a fixed impact energy of 25J while varying the impact velocity
by changing the mass. A thorough post-impact investigation using ultrasound and
microCT scanning, which clearly maps the damage extent and failure mechanisms
observed, is presented. A rich combination of in-plane fiber and matrix failure in
combination with delamination was seen in great detail. Out-of-plane deflection of
the back surface of the impacted specimen during the impact event are captured using
a set of two high speed cameras in a stereo setup.
Next a BVID impact study is presented. Impact at varying impact energies was
conducted on specimens containing a traditional laminate (TL) stacking sequence to
establish the BVID limit of the material system and layup. Ultrasound and microCT
scanning results are presented for the coupon impacted at the BVID limit. Out-of-
plane deflection of the back surface of the coupon is presented. Impact peak loads
for NTL coupons impacted at the BVID limit are compared against the TL results.
The NTL coupon layups were designed to have the bending and axial stiffness as
close as possible between the different layups. Finally the compression after impact
experimental results for the TL and NTL laminates are presented.
The above results are the foundation of the development and evaluation of the
FE model development presented in Chapter VI. The detailed experimental results
presented in this chapter are essential in establishing the predictive capability using
impacts for different materials as well as multiple different impact conditions.
2.2 High-Fidelity Impact Study
A detailed face-on impact study was conducted on the readily available IM7/8552
laminated composite material system. The goal of this study was to investigate the
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Impact Fixture location 
(a) Instron CAEST 9350 drop tower setup.
Different impact fixture shown and only 1
camera.
(b) Face-on impact fixture.
Figure 2.1: Face-on Impact Experimental Setup.
impact failure mechanisms in depth and acquire important data for impact modeling
verification. The material system is different from the one in the BVID study later in
the chapter, therefore giving a second material system as additional data for the im-
pact modeling. The composite laminate chosen for this study was a 20 ply laminate,
layup [0/45/0/90/0/− 45/0/45/0/− 45]s. The laminate chosen is a [50/40/10] lam-
inate which is commonly used in Aerospace industry. This stacking sequence, when
subject to impact, would show typical delamination patterns while also being subject
to fiber failure. This would give rich insight into the failure mechanisms of composite
laminates subject to face-on impact while not simplifying the problem away from in-
dustry standards. The specimens were scanned using ultrasound C-scanning methods
to verify that they are in a pristine condition prior to impact.
Face-on (transverse) impact tests were carried out on an Instron Dynatup 9350
drop tower test system, Figure 2.1. The impact energy was chosen to be 25J in
accordance to ASTM D7136 standard which suggests 6.7 J of impact energy per mm
of the specimen thickness. The impact energy was kept constant while impacts were
conducted with different impact masses, therefore varying the impact velocity. This
would allow for establishing if the change in impact velocity (within the low-velocity
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(a) Load vs. time



















7.5 kg # 1
7.5 kg # 2
15.1 kg # 1
15.1 kg # 2
26.7 kg # 1
26.7 kg # 2
(b) Load vs. displacement
Figure 2.2: IM7/8552 results for varying impact mass.
bound) would have any effect on the response of the structure. The impact mass
was chosen in accordance to the drop tower limitations, ranging from the minimum
impact mass to the maximum impact mass with an additional impact velocity chosen
in between. The impact masses that were studied are 7.5 kg, 15.1 kg and 26.7 kg.
This resulted in impact velocities of 2.58 m/s, 1.82 m/s and 1.37 m/s for the low to
high impact masses, respectively. A hemispherical impactor with a diameter of 20
mm was used for this impact study (note that the impact conditions are different
than the BVID impacts presented in the next chapter).
The specimen dimensions are 150 mm by 100mm (in accordance to ASTM D7136)
with the zero degree orientated in the longitudinal direction. The specimen nominal
thickness was 3.72 mm, giving an average ply thickness of 0.186 mm. The impact
fixture design draws from the ASTM D7136 standard while minimal changes have
been made. Instead of clamped boundary conditions the specimen is simply supported
in the form of rollers which outline a “picture-frame” boundary condition on both
sides of the specimen (top and bottom). The rollers have a diameter of 6.35 mm
and are positioned 6.35 mm away from the edges of the specimen. The picture-
frame boundary dimensions (where the rollers are in contact with the specimen) are
therefore 137.3 mm by 87.3 mm.
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(a) Deflection of a section on the back surface, section














(b) Deflection contours at 1.4ms,
1.8ms and 3.4ms into the impact.
Figure 2.3: DIC results showing the out-of-plane deformation of the back surface
during the impact and rebound.
Two Photron SA-X highspeed cameras were used in a stereo setup to record
the back surface of the specimen during impact. A mirror was placed below the
specimen, orientated at 45◦, to allow for the back surface of the specimen to be
observed during impact. Camera resolution was set to 768 pixels by 448 pixels which
allowed a recording rate of 25,000 frames per second, which results in roughly 175
images of the 7.5kg impact event. The resolution and recording rate are coupled
by the buffer memory of the cameras, a higher resolution will result in a reduced
frame rate capability. Frame rate and resolution is chosen on a test basis in order
to maximize the quality of data achieved. Applying black and white speckles to the
back surface of the specimen enables Digital Image Correlation (DIC) techniques to
be utilized to acquire the full-field strains on the back surface as well as the out-of-
plane deflection during the impact event (after careful calibration of the system stereo
system). The commercially available DIC program ARAMIS is used.
Impacts were carried out on multiple specimens to ensure repeatability, the exper-
iments proved very repeatable as can be seen in Figure 2.2. The load-time response
of the laminates can be seen in Figure 2.2(a) and the load-displacement response in
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Figure 2.2(b). The load-time histories show a trend that would be expected with
the increases in impact duration being directly proportional to the change in impact
velocity. The load-displacement history shows that all three impact cases share the
same response. Therefore it is concluded that the flexural response of the laminated
coupon does not change with impact velocity (given that the impact energy is con-
stant) within the low-velocity impact regime studied here.
A significant failure event can be seen in all impact cases at roughly 5kN. When
the images from the highspeed cameras were investigated, matrix splitting in the
back surface ply could be seen initiating at this failure event and then growing to
a maximum at the impact peak load. The load-displacement curves, Figure 2.2(b),
show a substantial energy dissipation due to impact damage as represented by the
area under the curves (for a fully elastic impact the loading and unloading curves
would coincide).
The out-of-plane displacement of the specimen back surface during impact can be
seen in Figure 2.3. The results are plotted at time intervals of interest for the 7.5
kg impact event (test 1). The figure shows the out-of-plane deflection of a section
traveling along the longitudinal direction of the laminate through the impact center,
Figure 2.3(a). The impact event is shown in solid lines and the rebound event in
dotted lines. It is very interesting that the back surface deflection captures the major
failure event that occurs at 5kN in the experiments. For the 7.5 kg impact it is at
roughly 1.4ms into the impact event. The back surface shows a smooth contour prior
to the failure event, and once the failure is initiated a sharp gradient can be seen. This
sharp gradient forms due internal damage dispersing through the laminate underneath
the impactor. This damage relaxes the global deformation of the laminate by more
local deformation. Further damage and failure details can be seen in the microCT
study, Chapter 2.2.2.
It is interesting to note that at the time of zero force being transmitted and
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Figure 2.4: Ultrasound C-scanning results for the 7.5 kg impacts and one specimen
of the 15.1 kg and 26.7 kg.
the impactor has effectively rebounded, at t ≈ 7ms, the back surface deflection has
rebounded and shows a permanent deformation of ≈ 0.36mm. Yet the impactor is
still ≈ 2.6mm below the initial contact plane, permanent indentation was only in the
range of ≈ 0.2mm. This would imply that a part of the structure is relaxing back at
a slower rate than the back surface and impactor.
Post-impact inspection of the specimen with the naked eye showed very minimal
damage. A slight dimple and ply split can be seen on the impacted side as well as
a few cracks due to splitting on the back surface. To further evaluate the damage
extent and failure mechanisms due to the impact event the specimens were subject
to further non-destructive inspection (NDI). In the following chapters the results
from ultrasound scanning (C-scanning) and micro computed tomography (microCT)
scanning will be presented.
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2.2.1 Ultrasound Scanning
Ultrasound scanning (C-scanning) is a widely used method for establishing the
damage extent (or footprint) of the impact damage. The method allows for visual-
izing the locations of damage within the structure by sending high frequency sound
waves through the specimen and monitoring the reflections that are sent back. The
waves rebound when they change from one medium to another (mediums of different
densities) similar to light refraction and transmission. When the waves hit voids/air
pockets in the specimen the signal is rebounded to due to sudden change in medium.
These voids are caused by delamiantions or other type of failure modes in the struc-
ture. The intensity of the rebounded signal can be used to identify damaged areas.
The time that it takes for the rebounded wave to reach the sensor can also be used
to back out the depth at which the signal rebounded. The downside of the method is
that it requires a medium between the specimen and the sensor (and signal producer).
De-ionized water is commonly used as a medium but ionized water can also be used
to produce relatively good quality scans. Due to these limitations the method usually
requires a tub of water which the specimen will be set into prior to scanning, which
puts size limitations on the method and in-situ inspection becomes difficult. Hand-
held ultrasound monitors have been introduced where water is sprayed on the surface
prior to scanning being performed. The sensor is carefully moved over the surface
of the structure manually. The results from these hand-held ultrasound devices are
sufficient for identifying damage in the structure while the high quality of the results
seen in the submerged scanning can not be captured.
Recent advances by Pelivanov et al. [86, 87], using a high-frequency fiber-optic
laser-ultrasound scanner shows great promise. The method does not require a trans-
fer medium and is therefore highly desirable for in-situ evaluation of damage. The
method has been used effectively in accessing thermal induced damage [87] and im-
pact induced damage [86] in composite materials.
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Each of the impacted specimens was subject to ultrasound scanning to achieve
the extent of damage and its repeatability. The machine used was a Mistras UPK-
T36 immersion ultrasound system, and the water used as a transfer medium was not
de-ionized. The impacted specimens were scanned from both the impacted and non-
impacted sides. The signal intensity results for the scanned specimens (both specimen
sides) can be seen in Figure 2.4, the back surfaces images have been mirrored about
the specimen layup 90◦ axis for better comparisons with the surface scans.
The damage trends observed for the different impact energies are very much alike.
An astonishing resemblance between the two 7.5 kg impacts can be seen, the back
surface damage contours are almost identical. Some scatter can be seen in back sur-
face damage. The 15.1 kg test shows a spear-head like delamination traveling out
close to the back side. While a similar trend can be observed in the other tests, in
this particular case delamination seems to have grown further than the other three.
Internal ply splitting can be seen by the sharp and clear boundaries between delami-
nation shapes. The existence of ply splitting on the back surface can clearly be seen
in the scans of the back surface, although the method does not capture the finer
details on the surface due to these splits. The scans show signs of either fiber rupture
or matrix failure, a straight crack along the 90◦ direction can be seen in the 7.5 kg
impact scans. This would point to fiber failure in a 0◦ layer or a ply split in the 90◦
layer within the laminate (this should become more clearer in the microCT scanning
in chapter 2.2.2).
As previously mentioned the depth of the damage areas can be achieved from the
ultrasound scanning data. Figure 2.5 shows the depth contour for the 7.5 kg test 1
as well as showing the through-the-thickness (often called B-scans) results at chosen
sections of the laminate. These results clearly show how the damage event closest to
the signal source overshadows any damage that could be underneath.
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Figure 2.5: Ultrasound result for 7.5 kg impact test 2 showing intensity and depth
contours as well as through-the-thickness visualization.
The damage area for the 7.5 kg impacts was (1261±177)mm2, for the 15.1 kg impacts
it was (1300± 68)mm2 and for the 26.7 kg it was (1127± 113)mm2, where variability
is reported as standard deviation. It can therefore be seen that the damage extent for
all tests was within the experimental bounds. The overall average damage footprint
was found to be 1234± 152mm2.
The ultrasound C-scanning proved to be highly useful for establishing the extent
of damage as well as some of the delamination patterns due to the impact event.
The scans also gave insight into ply splitting and possible fiber ruptures. In the next
chapter, a specimen will be studied using X-ray microCT to allow visualization of the
damage in more detail as well as ply-by-ply through-the-thickness view.
2.2.2 X-ray micro-Computed Tomography
X-ray micro-Computed Tomography (microCT) scanning was carried out to give
more insight about the damage extent and failure mechanisms within the impacted
laminate. Since the impacted specimens show very similar impact results (as well as
repeatability within impact cases) it was decided that only one of the impact coupons
would need to be investigated further. The 7.5 kg impact was chosen due to modeling
purposes, with the impact duration being the shortest of the three cases it would be
the most time-efficient impact experiment to predict. More details can be seen in
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Figure 2.6: CT scan results for the impacted laminate. Each image shows an interface
and the adjacent plies. Note that the white area which fades as the back
surface is approached is an artifact of the scan, it is a part of the specimen
fixture used in the CT machine.
Chapter VI. Test 3 of the 7.5 kg impacted specimens was used for the CT scanning
investigation.
The data gathered from CT scanning can be used to generate sectional slices
through the specimen (X, Y and Z planes) as well as reconstructing the data into
a voxel (3D volume element) representation of the raw CT data. Resolution of 24.3
microns was used for scanning the coupon giving a voxel cube with length, width and
height equal to 24.3 microns. The microCT machine used is a NSI X5000 CT system.
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Voltage was set to 100kV, current to 250 µA, frame rate was set to 4 4 Hz and the
projections were a total of 2250. The 3D representation is a great tool for visualizing
the damage mechanisms and extent of damage seen in the laminate, however it is
difficult to present such results on paper. Therefore the planar slices will be used for
presentation purposes.
Figure 2.6 shows the through-the-thickness slices (1-2 plane) which show the over-
all damage extent on a ply-by-ply level. However each slice usually shows some effects
of the adjacent interface layers or plies due to any permanent deformation (or mis-
alignment of the slice plane which has been minimized in these results) due to the
impact. Higher resolution microCT images can be seen in Appendix B Each thickness
slice shown in Figure 2.6 shows an interface layer and the adjacent plies, resulting in
18 images (due to stacking of the two midplane layers) which represent the full extent
of damage in the impacted laminate. The results show the internal damage through
the depth very clearly, compared to the C-scanning method, as expected. Extensive
ply splitting and delaminations bounded by the ply splits can be seen through the
entire thickness of the laminate. The top most layers (plies 1-3) show a large crack
running in the 0◦ direction causing splits and fiber failure depending on the ply orien-
tation. These cracks are caused by kinking of the 3rd layer (90◦) and as a result ply
splits occur and fiber ruptures occur in the adjacent plies, depending on orientation.
Extensive fiber rupture can also be seen past the midplane, fiber rupture can be seen
in the bottom most non-zero layers (plies 15, 17 and 19) due to tensile loading caused
by the specimen deflection. The bottom most ply (0◦ orientation) shows extensive
ply splits formed due to tension in the “2” direction, where the splits extend up to
about 50 mm. The obscure crack observed in the C-scanning results (see Figure 2.4)
is visible in the microCT scans and proved to be a split in layer 17 (90◦).
The cross-sectional views for the 2-3 and 1-3 planes can be seen in Figure 2.7
top and bottom, respectively. The image contrast has been sharpened for represen-
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Figure 2.7: CT scan results for the impacted laminate. The two images show the
planar sections through the impact center for the 2-3 plane (top) and 1-3
plane (bottom).
tation purposes, making cracks and delaminations more visible to the reader. The
sectional views are very useful for getting a clear view of the migration of damage
through-the-thickness of the structure. Interaction between in-plane matrix cracks
and delaminations can be visualized in good detail. The interaction between matrix
(through thickness) shear cracks and delamination was studied in a simplified prob-
lem, a sandwich composite beam under three point bend loading at different rates.
The study results are shown in Appendix A, which corresponds to a published paper
by Thorsson et al. [124]. The cross-sectional views of the impacted specimen also
show the typical conical shape of the damage extending through-the-thickness, as
has been reported in literature. In the amplified images it can be seen that there
is a significant amount of matrix cracking that can not be observed so easily due to
CT scanning limitations, in this case it is most likely the dimensions of the coupon
as well as the resolution achieved. Further improvements to the CT scanning could
be achieved however the results achieved are sufficient for the study presented here.
In the following subchapter (Chapter 2.3) details from a microscopic fractography
study which shows matrix cracks and delamination interactions in great detail will
be presented.
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Figure 2.8: Experimental setup for the BVID impact study.
2.3 Barely Visible Impact Damage (BVID) Study
A BVID and CAI study was conducted on PMC laminates of different stacking
sequences. A study on TL coupons which contain traditional ply angles (0◦, ±45 and
90◦ angles only) was conducted to establish the BVID limit for the material system.
The TL chosen for this study was a 20 ply laminate with stacking sequence [45/90/-
45/0/0/-45/0/45/0/45/-45/0/45/0/-45/0/0/-45/90/45], the layup is symmetric ex-
cept for the midplane layers. A range of impact energies was used while keeping the
impact mass and impactor diameter constant. The impact surface was observed while
standing 5 feet away from the specimen. The BVID limit was established to be the
lowest energy impact that corresponded to noticeable damage being observed. Post
impact inspection was performed on the coupon impacted at the BVID limit using
C-scanning, microCT scanning as well as microscopic fractography.
Once the BVID limit was identified, impact at the BVID energy was conducted
on 10 different NTL specimens containing non-traditional ply angles (any arbitrary
ply angle) and limited ply stacking. As previously mentioned, the NTL layups were
designed to keep the bending and axial stiffness between different laminates as close as
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(a) Load vs. time


















































(c) Peak load comparisons for TL and NTL. (d) Deflection of a section traveling
in the specimen longitudinal direc-
tion through the impact center.
Figure 2.9: Impact response results for the BVID impact study on the TL coupons
(a) and (b). TL vs. NTL load comparisons (c). Typical back surface
deflection for a BVID impact (d).
possible. The surface damage was inspected and recorded for each impact, identifying
it as below or above the BVID limit. Compression after impact was conducted on the
TL and NTL coupons to establish the post-impact compressive strength and failure
mode.
The following chapters will address the BVID impact and CAI study in detail.
The results of these impacts and CAI are used for FE model validation.
2.3.1 BVID Impact Experiments
Face-on impact was conducted on an in-house built drop tower equipped with a
Kistler piezo-electric load washer for collecting the load-time history. The experimen-
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tal setup can be seen in Figure 2.8. Impact testing was done with the same impact
fixture as presented in chapter 2.2, the fixture is an adjusted ASTM D7136 fixture
(Figure 2.1(b)). Specimen dimensions are the same as in the previous study, 150
mm by 100 mm with the zero orientation traveling in the longitudinal direction of
the specimen. Impact mass used was 9.7 kg, a hemispherical impactor with diameter
25.4 mm was used for the TL impact study while an impact weight of 21.6 kg was used
for the NTL impacts. The variance in impact mass was due to changes being made
to the drop tower between the impact experiments being conducted. The change in
impact mass at such low impact velocities does not have an effect on the laminates
impact response and damage as was shown in Chapter 2.2. The results presented
have been normalized to the peak load of the BVID impact energy, the curves will be
related to the BVID impact energy simply denoted by “BVID”.
The back surface of the specimen was recorded during impact, as before. Two
Photron FASTCAM SA-X high-speed cameras (105 mm SIGMA lenses) recording
at 25,000 frames per second were used. The images were post-processed through
the DIC program ARAMIS to establish the full field surface strain and displacement
fields on the back surface.
Figure 2.9 shows the results gathered from the BVID study of the TL coupons.
Figure 2.9(a) shows representative load-time histories for chosen impact energies
around the BVID limit and Figure 2.9(b) shows the peak load as a function of im-
pact energy for the tests conducted. The plots show the impact results for the BVID
impact limit energy as well as impacts at 50%, 75% and 150% of the BVID limit.
It can be seen that the peak load is increasing linearly with impact energy, for the
impact energies studied. The load-time history for the impact at 50% energy of the
BVID limit shows no significant damage event while the 75% impact starts showing
slight signs of a failure event occurring at around 2.2ms into the impact event. The




(a) 50% BVID showing no damage.
Surface crack 
100% - BVID 
Visible damage 
(b) 100% - BVID showing damage.
Figure 2.10: Impact surface damage for the TL BVID study.
impact. The impact conducted at 150% of the BVID limit showed a slight load drop
around the same location as the BVID impact showed damage initiation, however the
subsequent trend of the response curve did not show any other major failure events.
The typical back surface deflection can be seen in Figure 2.9(d). The plot shows,
similar as in the previous chapter, the out-of-plane deflection of a section traveling
in the specimen longitudinal direction through the center of the impact. A similar
trend as was reported in Figure 2.2 can be seen, a failure event occurs which causes
significant localized deflection.
With the BVID limit of the TL coupon, the NTL coupons were impacted at
the BVID energy limit, with 3 coupon replicates for each layup being impacted to
establish the repeatability of the results. A comparison of peak loads, normalized with
respect to the TL BVID peak load, can be seen in Figure 2.9(c). The peak loads for
the all laminate stacking sequences are very consistent, this was to be expected due
to the design principle of the layups (near consistent bending stiffness). The results
also showed great repeatability between coupon replicates. The standard deviation
of all of the experiments was 3.2%.
When the impact surface of the laminates was investigated after impact it was
seen that large surface cracks had formed on the impacted surface. Figure 2.10 shows
the damage on the impacted surface for the 50% and BVID impacts. These cracks
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Figure 2.11: Ultrasound scan of a TL coupon impacted at the BVID limit.
form due to kink-bands in the top most layers, resulting in either fiber failure or
splitting of the adjacent plies. This was also seen in the CT scans of the IM7/8552
impact study presented in the previous chapter (chapter 2.2). When the specimens
are examined for BVID damage (standing 5 feet away) it is observed that the visibility
of damage depends highly on the lighting (intensity and direction) of the surface. The
lighting sets off a glare on the specimen surface, revealing any cracks due to the light
reflecting off the un-even (damaged) surface. The BVID was established without any
significant glare coming off the impacted surface.
Ultrasound scanning results for the TL coupon impacted at the BVID limit can
be seen in Figure 2.11. The ultrasound results were not as clear as the ones achieved
in the previous impact study (Figure 2.4). The ultrasound scan of the front surface
showed a lot of influence from the damage in the upper most plies and was therefore
not able to achieve an accurate picture of the damage. The back surface scan picks
up the surface cracks (now on the far side away from the sensor) as well as capturing
some of the delamination trends in the bottom most interfaces. The back surface also
gets influenced and disturbed by the ply splitting observed on the back surface.
The X-ray CT results can be seen in Figures 2.12 and 2.13 for the planar and
section views, respectively. In Figure 2.12 each interface of the laminate (neglecting
interfaces between plies of the same orientation) is shown, the first two plies (45◦ and
46
Figure 2.12: CT scan results for the TL impacted coupon at the BVID limit. Each
image shows an interface and the adjacent plies, ply 1 (45◦) and 2 (90◦)
are shown independent for better visualization.
90◦) are shown independently due to the significance of the damage interaction. When
the CT results are examined in detail, the limited results achieved by the ultrasound
scanning becomes more clear. There is hardly any delaminations or major ply splitting
visible within the center of the laminate. Each layer has dispersed ply splits close
to the center however in most layers they are quite few and small. No significant
delamination is observed in any of the central layers, apart from a small one being
visible at the midplane most likely due to the 90◦ mismatch angle at that interface.
The top 2 plies show a large crack traveling along the 0◦ orientation, and the
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Figure 2.13: CT scan results for the TL impacted laminate at the BVID limit. The
two images show the planar sections through the impact center for the
2-3 plane (top) and 1-3 plane (bottom).
crack is driven by fiber kinking in the second ply of the laminate (90◦ ply) which
then initiates a zig-zag failure mode in the top layer (45◦ ply), similar as the previous
study had shown. The zig-zag failure mode occurs when the macro crack in the 45◦
layer is driven by the fiber failure in the 90◦ layer. For the crack in the 45◦ ply to
travel along the 90◦ crack it continuously transitions between ply splitting and fiber
failure while following the crack path in the 90◦ layer below.
Fiber cracks propagating away from the center of impact, perpendicular to the
fiber direction, can also be seen in the top 45◦ and −45◦ layers. A moderate amount
of ply splitting and delaminations can be seen traveling along the large cracks, mainly
driven by the fiber kink in the second ply. A crack traveling through multiple layers,
initiating at the second layer kink, can be seen as far as layer 8.
Delaminations, interacting with ply splits, can be seen in the bottom most inter-
faces where the two large ply splits can be seen on each side of the impact center.
The back surface shows long splits, similar to the previous impact study. The reader
is advised to zoom in on the images on the computer format for better visualization.
A large split is observed in the 15th layer (−45◦ ply), a crack of this size is not seen
in any other ply except for the first 2 plies. The length of the crack could be caused
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due to the ply below being a stack of two 0◦ layers. Further investigation would be
required.
It is noteworthy to mention that a light circle can be seen traveling down the
entire thickness of the laminate. The CT scan images do not show any signs of what
the cause of it is however it is most likely caused by slight differences in thickness
due to permanent indentation and/or matrix compressive behavior. The circle would
therefore mark the ”down slope” of the permanent indentation dimple caused by the
spherical impactor. However, this effect was not observed in the previous impact
study (Figure 2.6) and is therefore still an unknown.
The through-the-thickness planar cuts from the CT scanning can be seen in Figure
2.13. The top image shows the section in the 2-3 plane through the impact location
and the bottom image shows the section in the 1-3 plane. The 2-3 plane shows the
delaminations in the bottom layers in clear detail. The crack consisting of fiber and
matrix failure traveling from the kink resultant crack down through almost half the
laminate, can also be seen clearly, as was seen in Figure 2.6. Some delaminations that
were not clearly visible from the planar slices can be seen when examined carefully.
Through thickness matrix shear cracks seem to be visible through out the whole
laminate thickness although they are hard to make out without observing the full
resolution of the images. The 1-3 plane shows less damage through the thickness.
The bottom layer delaminations are not orientated correctly for this section cut and
only the end of it can be observed on one side. Further, small delaminations can be
seen through the thickness. The large surface crack from the fiber kink can also be
seen traveling along the section.
While the CT scanning proved successful in this study, the damage extent in the
specimen was seen to be very minimal, apart from the top and bottom most plies.
It was desired to get a more detailed look at the impact damage. A fractography












































(b) Section through the kink band.
Figure 2.14: Sections showing damage in the 2-3 plane.
the 112.5% BVID impact energy. The specimen was sectioned using a wet saw with
a diamond coated blade, making sure to account for the thickness of the saw. Two
section cuts were made in the 2-3 plane, the first through the impact center and the
second one away from the impact center but through the surface cracks to give a
good view of the fiber kinking. The slices were then potted in epoxy and polished
thoroughly for preparation for the microscopic study.
The microscopy results can be seen in Figure 2.14. Sketches of the sections were
done for presentation purposes. The sketches were made by directly tracing each
crack, this was done because the damage extent would be more visible in a presen-
tation format. Figure 2.14(a) shows the 2-3 plane through the impact center. The
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(a) CAI Experimental setup. (b) CAI fixture.
Figure 2.15: Experimental setup and fixture used for the face-on impact CAI.
figure here was assembled from 54 microscopic images to create a complete image of
the section. It can be seen that the overall damage extent is repeatable between the
two different impact tests (although the higher impact energy shows a larger extent,
the shape is conserved) when compared to the CT scanning results in Figure 2.13.
The microscopic image however shows the damage in much more detail, with hair fine
matrix cracks which are not visible in the CT images clearly seen in the microscopic
images. From the microscopic image it is clear that matrix cracks and delaminations
exist through out the entire thickness of the impacted coupon.
The section (2-3 plane) at the kink band can be seen in Figure 2.14(b). The main
image shows the overall damage extent due to the fiber kink in the 90◦ ply, while
the smaller images then show the kink band in more detail. The resultant failure
modes are quite interesting. On one hand an intra-laminar delamination can be seen
in the 90◦ causing failure in the 45◦ layer (top) as well as the top part of the now
delaminated 90◦ ply. On the other hand the kink causes a large matrix crack in the
−45◦ layer below which transitions into a delamination traveling away from the kink
band origin.
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2.3.2 Compression After Impact Experiments
Compression after impact testing was done in accordance to ASTM D7137 stan-
dard for measuring compressive strength after face-on impact. The experimental
setup can be seen in Figure 2.15(a). Testing was done on an MTS 809 Axial/Torsional
load frame with a 444kN load capacity. Loading rate was set at 0.01 mm/s. Two
Nikon D5300 digital single lens reflex (SLR) cameras (24.2 mega pixels) equipped
with a 105 mm SIGMA lens were used for recording. The cameras recorded the back
and front surface of the specimen during loading at a rate of 1Hz. Specimen front
surface was sprayed with white and black speckles (back surface was already speckled)
to allow for DIC measurements. The full field surface displacement and strain fields
during loading were obtained. Displacements over the entire gage length of the spec-
imen was collected from the DIC data by monitoring the change in length between
two points on opposite sides of the specimen (top and bottom). This measurement
acts as a digital extensometer, with an average gage length of approximately 90mm.
These measurements were then used for constructing the load-displacement histories.
The CAI fixture can be seen in Figure 2.15(b). The specimen is supported with
sliding blocks on the top and bottom, constraining any rotation of the specimen and
assisting with accurately end loading the specimen and minimizing misalignment.
The height of the top and bottom blocks is 12.7 mm and they extend the entire
width of the specimen. Knife support blocks are used as anti-buckling guides. The
knife supports slide into the specimen at each side, the distance from the edge is 6.35
mm. The buckling guides are in place to constrain the specimen from buckling failure,
however in some cases (depending on material, layup and so forth) the final failure
mode can be caused by buckling. When the specimen has been impacted, the non-
symmetric (about the mid-plane) damage such as delamination and/or permanent
deformation can cause premature buckling. This failure is not uncommon for CAI
specimens, and this will be further discussed later.
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Pristine average peak load 
(a) Load vs. displacement curves for the TL
CAI coupons.
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2 tests 
(b) Normalized CAI peak load vs. impact





















(c) CAI peak load comparisons for TL and
NTL. The loads have been normalized w.r.t.
the average TL BVID CAI peak load.
Figure 2.16: CAI experimental results for the TL and NTL coupons.
The experimental results for the TL BVID study as well as comparison of com-
pression peak loads for all coupons can be seen in Figure 2.16. Representative load-
displacement response curves for the TL specimens can be seen in Figure 2.16(a).
Tests that experienced end failure due to mis-alignment were disregarded purposely.
Figure 2.16(b) shows the compression peak loads of the TL coupons as a function of
impact energy. From the two figures we see that the load-displacement response of
the impacted specimens is quite repeatable, the global stiffness is not affected by the
impact event. It was also observed that the main specimen failure, even the pristine,
was due to buckling. While the specimens impacted below the BVID energy showed
a lower peak load than the pristine failure loads, the specimens followed the same
trends prior to failure. At impact energies at or above the BVID limit buckling was
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seen to initiate earlier. The CAI event can be seen in detail in Figure 2.17(a) where
the load-displacement response curve of a BVID impacted specimen is shown along
with surface strain contours (surface shown is the backside of the impacted specimen).
The strain contour shows the strain in the loading direction, with clear buckling of
the specimen resulting in a failure through the middle of the impact location. The
buckling direction of the specimen is consistently in the direction of the impact, which
is another sign of the buckling being caused by the impact damage. Figure 2.17(b)
shows typical post CAI specimen damage/failure.
From the peak load vs. impact energy plot, Figure 2.16(b) it can be seen that an
impact at or below the BVID limit can cause a drop in the compressive strength of
more than 10%. The impacts at 50% of the BVID impact energy, which had shown
very minimal surface damage (Figure 2.10(a)), showed a large variance in peak loads
with one test showing a 1.3% drop while the second one had an 8% drop in compressive
strength.
The average CAI peak loads for the TL and NTL coupons are compared in Figure
2.16(c). We can see that the experimental results are very repeatable for the CAI
tests conducted at the BVID limit alone. The NTL laminates have an overall lower
compressive strength after impact than the TL coupon. No significant conclusion can
however be drawn from that result, it can not be said that the TL are more resistant
to impact. For that to hold true the knockdown factor in compressive strength would
need to be compared between the TL and NTL coupons. The NTL impact was
conducted for evaluation of the computational models.
2.4 Conclusion
Low velocity face-on impact and CAI of PMC laminates has been investigated
in detail. First a thorough impact study was conducted on IM7/8552 laminates of
a traditional stacking sequence. Effect of impact velocity and mass on the impact
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(a) Load displacement response and strain contours during loading.
TL NTL-7NTL-3
(b) Typical CAI failure modes.
Figure 2.17: CAI event shown in detail (a) and typical failure modes shown in (b).
response was studied by impacting the specimens at a fixed energy level of 25J while
the impact mass was varied (7.5 kg, 15.1 kg and 26.7 kg) and therefore varying the
impact velocity. Experimental results were very repeatable throughout. A major
damage event was seen from the load history, this event was also noticed from the
DIC data of the back surface deflection. The damage event caused a significant
increase in local deformation of the coupon.
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A thorough post impact study was conducted to establish the damage extent and
failure mechanisms caused by the impact event. Ultrasound scanning and microCT
scanning gave detailed insight into the rich impact failure mechanisms. The results
showed fiber kinking, fiber tensile rupture as well as a step-wise delamination pattern
interacting with in-plane matrix cracking. The impact velocity (and mass) did not
prove to have an effect on the impact event at the energy range tested.
In this chapter, a BVID study was conducted on PMC laminates of TL and NTL
stacking sequences. The purpose of the investigation was to produce experimental
data for FE model validation. Impacts at different energies (fixed mass) was per-
formed on TL coupons to establish the BVID limit. The BVID limit was established
by examining the impact damage by 5 feet away, once the damage became barely
visible the limit was set. The TL coupon impacted at the BVID limit was subject to
ultrasound and microCT scanning to establish the internal damage extent.
The microCT scans showed large fiber kinks in the second layer which spread into
further fiber and matrix failure in plies 1 and 3. Next to no delamination was visible
in the coupon until the bottom layers, where limited delamination and ply splits
were visible. In order to get a more accurate measure of the through-the-thickness
damage extent, non-affected by the resolution of the microCT, a fractography study
was conducted. The microscopic fractography study showed very fine matrix cracking
and minor delaminations that the microCT was unable to capture (at the scanning
resolution). However it was concluded that the microCT gave a reasonable picture
of the overall damage extent by capturing the larger and therefore more significant
failures. The bottom most layer showed significant ply splitting. With the BVID
limit established, impacts on NTL coupons was carried out at the established BVID
limit.
CAI study was conducted on the TL and NTL coupons. The effect of different
impact energies on the CSAI was investigated for the TL laminates, some variance
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was seen in the experimental data. It was established that impacts at or slightly
below the BVID limit could cause a 10% or more drop in compressive strength of
the coupon. The TL coupons commonly experienced failure due to global buckling,
including the pristine coupons. The impact coupons impacted at the BVID limit and
above showed a change in pre-peak behavior caused by premature buckling.
The conclusion of this chapter is that the impact damage caused by face-on impact
at and below the BVID limit could have a significant effect on the load carrying
capability of the structure. The surface damage visibility depends greatly on the
lighting condition and inspection angle. While C-scanning methods are sufficient for
establishing the overall damage extent, the method is not capable of capturing fiber
failure which gets over shadowed by delaminations. The existence of fiber failures
will have a significant effect on the load carrying capability of the structure. It
is therefore important that the more detailed NDI such as microCT is carried out
where it is applicable.
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CHAPTER III
Edge-on Impact Experimental Work
3.1 Introduction
In this chapter the experimental results for edge-on impact and CAI are pre-
sented. Face-on impact and CAI of fiber reinforced polymer matrix composites has
been studied by many, as was reviewed in Chapter I. With computational models
being developed and utilized for face-on impact and CAI predictive capabilities it is
important to have the necessary experimental data to evaluate these models further
for edge-on impact and CAI predictions. BVID due to edge-on impact is usually eas-
ier to detect than the face-on impact. However, if a BVID event goes unnoticed the
impact damage could grow under repeated load cycles, similar to the face-on impact
BVID, and possibly cause a catastrophic failure during service.
While face-on impact on composite laminates has been thoroughly studied [12, 27,
33, 35, 48, 59, 69, 71, 92, 104, 108, 111, 134, 135, 139] and widely accepted industry
standards have been established (ASTM D7136 and D7137 etc.), the same cannot be
said about edge-on impact. The investigation of edge-on impact has been limited.
Edge-on impact is most prone to occur on the edge of a stringer on a stiffened panel.
Numerous studies have been conducted on skin (face-on) impacts and compression
after impact of skin-stringer (or stiffened) composite panels [6, 36–39, 56, 129, 130].
The most typical impact locations that have been studied are on the skin side at the
58
middle of the stringer flange and at the flange root connections. Detailed ultrasound
and fractography inspection for skin impacts at different locations have been presented
by Greenhalg et al. [37].
Edge-on impact on a skin-stringer panel and compression after impact was studied
by Li and Chen [68]. Two different types of stiffener geometries were studied, T
shaped and I shaped stiffener webs. The compressive strength after impact was
reported to be sensitive to the impact damaged stiffeners.
The impact damage due to near-edge and edge-on impact on glass fiber reinforced
epoxy laminates using a spherical indenter was investigated and found to show a
significant amount of damage [72]. The effect of BVID edge-on impact on a compos-
ite laminate stringer using a spherical indenter as well as the compressive strength
after impact was reported by Rhead et al. [99], where a cylindrical indenter was
recommended for further research.
Due to the high demand from industry to quantify and accurately predict impact
damage and the compressive strength after impact of the structure, which has been
shown to be highly sensitive to the impact damage state and shape [84], it is therefore
necessary to understand the edge-on impact failure modes correctly, and develop
models to assess the structural integrity after edge-on impact.
In this chapter the response of a 20 ply polymer matrix composite (PMC) laminate
subjected to low-velocity edge-on impact is studied at impact energies in the BVID
regime. Impacts are performed with a cylindrical impactor, and specimens are im-
pacted at two different angles, 0◦ and 45◦ with respect to the impacted edge. The lami-
nate investigated has a traditional stacking sequence consisting of 0◦, 90◦ and±45◦ ply
angles. The layup of the laminate is [45/90/−45/0/0/−45/0/45/0/45/-45/0/45/0/−
45/0/0/− 45/90/45], symmetric except for the switch in the mid-plane layers. Post-
impact damage inspection was done by visual inspection of the specimen surfaces as
well as ultrasound C-scanning being used to acquire the full damage extent of the
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Figure 3.1: 0◦ Edge-on impact experimental fixture.
45°
Figure 3.2: 45◦ Edge-on impact experimental fixture.
impact. Optical microscopy was performed on chosen damage sections for a few of the
impact energies. The industry standard for compression after impact (CAI) proved
to be insensitive to the impact damage. Therefore a new approach for conducting
CAI was introduced using an adjusted version of the Combined Loading Compression
(CLC) standard for compressive testing.
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3.2 Experimental Procedure
A fixture for coupon level edge-on impact that would resemble a stringer impact
was designed, Figure 3.1. Edge-on impacts at 0◦ and 45◦ with respect to the edge of
the specimen were desired for this study. The fixture was designed to accommodate
specimen dimensions in accordance to the industry standard for face-on impact and
CAI, ASTM D7136 and D7137, respectfully. Therefore the specimen dimensions
were chosen to be 150 mm by 100 mm where the impact would be conducted on the
longitudinal edge of the specimen.
The specimen is inserted into a channel, a steel bar is inserted and tightened to the
specimen to produce a uniform clamped boundary condition. Depth of the channel is
19mm and extends the entire length of the specimen. Brackets are used to suppress
out-of-plane displacements away from the impacted area. These lateral supports act
as a method of resembling the length of the actual stiffener. C-clamps are applied
to the top of the brackets to ensure full contact between the brackets and specimen
during the impact event. For the 45◦ edge-on impact the fixture was mounted on 45◦
angle blocks, Figure 3.2. The fixture was then mounted on to a heavy steel base plate
to ensure no unwanted motion would be obtained due to the 45◦ tilt of the fixture.
Edge-on impact and CAI experiments were carried out on the composite lami-
nates at different impact energies. The composite layup of the specimens is [45/90/−
45/0/0/ − 45/0/45/0/45/-45/0/45/0/ − 45/0/0/ − 45/90/45], which is symmetric
except for the midplane plies. Specimen thickness is 3.84 mm. Impacts were per-
formed on an in-house built drop tower, and the impact load was captured using a
Kistler 9104A piezo-electric load washer inserted between the impact sled and the
impactor. A cylindrical steel impactor with a diameter of 12.7 mm was used for all
impacts, a mass of 25 kg was used to produce low velocity impacts. The impactor
was positioned so that the impact location was centered between the lateral support
brackets.
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For digital image correlation (DIC) purposes the specimen surface was speckled
with matte black and white spray paint, giving an even distribution of black and white
on the surface. Two Photron SA-X high speed cameras were utilized in a stereo setup
to record the speckled surface of the specimen during the impact event. The com-
mercially available DIC software, ARAMIS, was used for camera stereo calibrations
and post-processing of the images. The DIC post-processing allows for the full field
in-plane strain and displacement fields to be acquired as well as the out-of-plane dis-
placement of the specimen being acquired through the 3D correlation of the stereo
setup cameras.
Due to the nature of the impact, the energy required for inducing BVID is signif-
icantly lower than the 7.6 J per mm of thickness as recommended by ASTM D7136
for face-on impact. Preliminary studies with a coarser impact energy interval was
conducted to acquire the energy range desired for the BVID impact study presented
in this chapter. Once a relevant impact energy which induced damage in the BVID
range was achieved, multiple impacts in the vicinity of that energy were conducted.
Impacts at 0◦ and 45◦ angles were carried out at even energy level integrals which
will be referred to as E1-E5.
Compression after impact testing was initially performed in accordance to the
ASTM D7137 standard for measuring compressive strength after face-on impact. Mi-
nor adjustments were made to the experimental procedure, which will be described
in chapter 3.4.1. The method proved to be insensitive to the impact damage induced
by the edge-on impact and therefore a different approach for CAI was introduced.
Adjusted Combined Loading Compression (CLC) experimental procedure was intro-
duced for conducting the edge-on CAI as described further in chapter 3.4.2. The CAI
testing was performed on an MTS 809 axial/torsional load frame with a 444.8kN load
capacity. Loading rate was chosen to be 0.01 mm/s to satisfy quasi-static loading
conditions. Two Nikon D2Xs digital cameras with a 105 mm SIGMA lens recording
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Crush plateau load 
Figure 3.3: 0◦ Edge-on Impact load-time histories.
at 1Hz were used to capture the front and back surface of the specimen during load-
ing. For the CLC test, the front (impacted) and back (non-impacted) edges of the
specimen were viewed due to the fixture limiting the view of the specimen sides. The
specimen was prepared accordingly for DIC measurements, similar as for the impact
event. Displacements over the length of the gage section were collected from the DIC
data, and the average of the front and back displacements was used for constructing
the load-displacement curves.
3.3 Impact Results
3.3.1 0◦ Edge-on Impact
0◦ Edge-on impact experiments were carried out at crude energy intervals to es-
tablish the impact energy range desired for BVID impact studies. It was found that
the damage extent due to edge-on impact is easily detectable with the naked eye from
a few feet away from the structure/specimen, even at very low energies of impact.
This is due to the local nature of the impact, with minimal global elastic deforma-
tion. The impact energy is absorbed by localized failure mechanisms. The failure









(a) Out-of-plane displacement contour plot
























































































































Figure 3.4: 0◦ Edge-on impact event. Out-of-plane displacement in detail for energy
levels E1, E3 and E5.
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E5 0° Impact Peak Load
Figure 3.5: 45◦ edge-on impact load-time histories, normalized with respect to E5 0◦
peak load.
seen in crushing problems [51]. The impact damage mechanisms will be explored in
detail in chapter 3.3.3. The lower range of impact energies will be the main focus of
this study.
Representative load-time histories for the 0◦ edge-on impact for energies E1-E5
can be seen in Figure 3.3. The general trend to be expected is that with increasing
impact energy the peak load and impact duration will increase, and this trend is
partially correct for the edge-on impacts reported here. It is generally observed that
the initial peak load increases with increasing impact energy level. The initial peak
load followed by a large load drop is identified as the initiation of significant damage
in the composite specimen. The crush plateau “load”, identified as the load history
past the initial damage event and prior to the impactor rebound, is seen to be fairly
constant for the energy levels tested (within experimental bounds). This is similar
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to what is observed in crush testing of composite tubes [51]. Overall the load-time
histories for the 5 energies tested are very similar, this is due to the energy increment
being very small. An impact event with energy twice the amount of E3 has been
plotted for reference, showing how the impact plateau load is consistent while the
initial peak is increased. While the load-time histories show great resemblance, the
specimen deformation response and damage extents show significant differences, as
will be discussed in chapter 3.3.3.
The 0◦ edge-on impact is a highly localized event. By visualizing the displacement
and strain contours on the surface of the specimen during impact it can be seen
that deformation only occurs in a highly localized area underneath the impactor.
Away from the impactor, the specimen shows minimal surface strains or out-of-plane
displacements. Figure 3.4 shows the impact event in more detail.
The full-field out-of-plane displacement contour is shown for a general energy
level in Figure 3.4(a). The out-of-plane displacement contour is taken at the peak
of impact, right before the impactor rebounds (typically around 0.004s in to the
impact). The out-of-plane displacements of a section traveling vertically down from
the impactor (as shown on the contour) are shown for intervals of 0.001 seconds
for energy levels E1, E3 and E5 (Figure 3.4(b)-3.4(e)). The sections furthermore
show how localized the impact event is as well as the large difference in out-of-plane
deformation between the lower energy levels and the higher ones. It is noteworthy to
mention that the curves are cut short due to correlation being lost underneath the
impactor. This is due to a combination of optical lighting/viewing difficulties as well
as excessive local distortion of the surface.
3.3.2 45◦ Edge-on Impact
Impacts at 45◦ were conducted on the adjusted impact fixture as shown in Fig-
ure 3.2. The impact energies were kept consistent between the 0◦ and 45◦ impacts,
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therefore impact energies E1-E5 were studied. Impact damage was originally deemed
minimal for all energy levels but further investigation showed that the impact be-
havior was more related to impact failure mechanisms seen in face-on impact than
the 0◦ edge-on impact. Delaminations and transverse shear matrix failure induced by
interlaminar shear during bending, is observed.
The experimental load-time histories for impact energies E1-E5 can be seen in
Figure 3.5, where the curves have been normalized with respect to the E5, 0◦ impact
peak load. Similar to before, the impact peak load and duration is seen to increase
with increasing impact energy. The difference between the energy levels is more
significant than that of the 0◦ impacts. The 45◦ impact response is driven by elastic
deformation due to bending of the specimen. The damage events are not seen to be as
significant as the global response of the structure as the 0◦ impact case. The impact
duration is also three times longer than that of the 0◦ impacts. The initiation of a
significant damage event in the specimen is seen at roughly 0.005s, as the contact edge
significantly deforms due to the localized compressive load. The small plateau-like
region of the load curve is thought to be due to continuous crushing underneath the
impactor. The sudden increase in peak loads seen at roughly 0.012s is thought to be
due to arrest of the crushing and initiation of loading of the bottom most layers of
the laminate in tension and therefore showing the stiffening in the impact response
as the specimen is loaded.
Similar to the previous chapter, the impact event for impact energies E1, E3 and
E5 has been shown in more detail in Figure 3.6. The contour plot can be seen in
Figure 3.6(a) where a large global deformation of the structure can be seen. The
out-of-plane displacement, moving away from the camera in this case, is shown for
a section at different time increments throughout the impact event. This can be
seen in Figure 3.6(a). Figures 3.6(b)-3.6(e) show the difference in bending for impact
energies of E1, E3 and E5. The cameras were positioned closer to the impact event
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for energies E1 and E3 and therefore the section lengths are roughly 7 mm in length.
This trend can however be seen for the bending vs. impact energy. It can be seen how
a significant bending deformation is induced in the specimen causing a large portion
of the impact energy to be absorbed by elastic deformation of the specimen.
3.3.3 Damage Extent
Non-destructive inspection (NDI) of the specimens was performed post impact for
establishing the impact damage extent. First, the visible damage on the edge of the
specimen was inspected. Indentation could easily be seen on all impacted specimens
while no visible delaminations were seen for the 45◦ impacts. A dial indicator with
ball diameter 1 mm and a resolution of 0.0254 mm (0.001 inches) was used for inden-
tation depth measurements. The indentation depth was measured as the maximum
permanent deformation by indentation parallel to the impact direction. A caliber
with resolution 0.01 mm was used for surface delamination measurements. The in-
dentation depths and surface delamination lengths can be seen in Figure 3.7. It can
be seen that both the indentation depth and surface delamination lengths follow a lin-
ear trend with increasing impact energy. The impacted edges of specimens impacted
at E1, E3 and E5 energy levels for the 0◦ and 45◦ impacts can be seen in Figure 3.8.
Ultrasonic C-scanning was performed on impact energies E1, E3 and E5 to mea-
sure the extent of internal damage as well as the area of damage for the three impact
energies for both 0◦ and 45◦ impacts. The ultrasound C-scanning results did not
prove to be as good as previously achieved for face-on impact results [126]. The im-
pact damage area is small and has high out-of-plane permanent deformation. Due
to these effects, the ultrasound scanning results only proved useful for measuring the
total damage area and no detailed delamination trends were able to be seen. Lo-
cation (through thickness) and shapes of the delaminations are difficult to capture.









(a) Out-of-plane displacement contour plot
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Figure 3.6: 45◦ Edge-on impact event out-of-plane displacement in detail for energy
levels E1, E3 and E5.
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(a) Delamination measurements.
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(b) Indentation depths.
Figure 3.7: 0◦ and 45◦ Edge-on impact indentation and delamination measurements.
can be seen that the delamination area grows drastically with increasing energy. The
surface delaminations (x-direction) can be seen growing with a steady rate while the
depth delaminations (y-direction) could be interpreted as approaching an asymptotic
value. Further investigation at higher impact energies would need to be conducted to
establish that. The ultrasound results showed that the 45◦ impacts produce a signifi-
cant amount of delamination which could not be seen on the impacted edge, although
lower than the 0◦ impacts, the damage extent is quite significant. The delamination
measurements achieved from C-scanning and compared to surface measurements can
be seen in Figure 3.7(a).
Three additional 0◦ impacts were performed at E1, E3 and E5, and these specimens
were not to be used for CAI and instead were used for sectioning of the specimen. This
allowed for evaluation of the damage mechanisms observed underneath the impactor.
The sectioning would also be used to evaluate the accuracy of the ultrasonic C-
scanning method as well as the surface delamination measurements achieved by visual
inspection. A wet tile saw with a diamond coated blade was used for sectioning the
specimens, and the cut was made vertically down the impact center of the specimen
edge. The thickness of the blade (1.7 mm) was accounted for when making the cut.
The specimens were then potted, polished and prepared for microscopic study. The
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Figure 3.9: Post-processed 0◦ and 45◦ edge-on impact ultrasound C-scan results for
energies E1, E3 and E5.
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microscopy specimens were prepared so that both the horizontal (surface) and vertical
delaminations could be investigated.
The microscopic images of the horizontal and vertical surfaces for the three en-
ergy levels can be seen in Figure 3.10. The figure shows the damage extent on the
horizontal edge (left) and the vertical edge (right). The horizontal surface shows
the delaminations which were also observed from visual inspection while the vertical
edge shows the damage depth. It can be seen from the sectioning that the damage
increases significantly for the increasing impact energy. Impact energy E1 produces
minimal damage, and delaminations can be seen in the outer most 0◦ layers as well as
shear matrix cracking being present in the vertical section. The layers of the laminate
which lay within the outer most 0◦ layers show no significant damage.
Impact at E3 energy level shows a significant increase in horizontal damage extent
while the vertical damage is fairly similar. A large intra-laminar delamination can be
seen within the outer most 0◦ ply on the top side, while the other side shows intra-
laminar matrix damage within the −45◦ layer. Intra-laminar matrix damage can be
seen initiated in the +45◦ center layer. The most noteworthy failure mode observed
here, which was not observed by visual inspection of the impacted (horizontal) edge
are the transverse shear cracks showing a shear lag effect in the top most −45◦ layer.
These cracks formed due to the excessive bending of the outer most layers, made
possible by the large delamination during the impact event.
The E5 impact energy case shows the further propagation of similar failure modes
and damage locations as in the E3 case with addition of extensive damage formed in
the center of the laminate. The delaminations in the outermost layers (both intra-
and inter-laminar) extend even further while new delaminations are observed at the
0◦ layers throughout the laminate. Both the horizontal and vertical surfaces views
show large matrix cracks traveling through multiple outer layers. These shear cracks
are commonly seen in crushing problems where fragmentation is encountered [51].
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The outer layers fail due to a combination of tensile and through-the-thickness shear
while the inner layers fail due to high compressive stresses. In this case the top most
11 layers followed, in one direction, while the bottom 9 moved together in the opposite
direction. This is most likely caused by the slight non-symmetry of the layup due to
the +45/-45 center of the laminate. This behavior could also be further induced by
structural imperfections and any experimental misalignment.
Maximum delamination measurements from the microscopic images proved to be
lower than that of the visual inspection and ultrasound scanning. Surface delamina-
tions measured from the images were multiplied by two, assuming a mirrored damage
extent about the impact center. The surface delamination measurements were ap-
proximately similar to the other two methods, while the depth delaminations were
under predicted quite significantly. The reason for the under predicted length mea-
surements can be justified due to the cutting and polishing of the specimen. The
smallest offset of the cut in addition to polishing can have a large effect on the mea-
sured delamination lengths.
It has been shown that the impact damage due to 0◦ and 45◦ edge-on impact
is quite significant for BVID impact events. Visible delaminations on the impacted
edge (horizontal) are sufficient for establishing a lower bound measure of the damage
extent for the 0◦ impact case while the 45◦ impact will require through thickness tech-
niques for identifying the damage extent. It is therefore concluded that the damage
extent due to a foreign object impact cannot be estimated by surface inspection alone.
It is therefore necessary to utilize the appropriate through-the-thickness inspection
techniques to identify the total extent of edge-on impact damage.
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Figure 3.10: Microscopic images of the 0◦ impacted specimens for energies E1, E3
and E5.
3.4 Compression After Impact
3.4.1 Boeing Compression After Impact
Original design of the edge-on impact fixture was to accommodate specimens in
accordance to ASTM D7136 and D7137 standards for face-on and CAI, respectfully.
ASTM D7137 standard is also recognized as the Boeing CAI standard. The Boeing
CAI fixture was intended for evaluation of the compressive strength after impact
(CSAI) of the edge-on impacted specimens. Testing was conducted on the 0◦ edge-on
impacted specimens. Due to the location of the impact damage not being in the
center of the laminate (as is the case for face-on impact) the fixture needed slight
adjustments to accommodate the edge-on impacted specimens and to allow for un-
constrained damage growth.
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The experimental setup can be seen in Figure 3.11. The solution to un-constraining
the impacted edge was to relax the anti-buckling guides in the area of the damage.
From examination of the impact damage produced, the anti-rebound supports were
relaxed 25 mm in both directions of impact location, total of 50 mm, as shown in
Figure 3.11. This will allow the specimen to locally deform out-of-plane due to the
delaminations caused by the impact event. Preliminary testing showed that the edges
of the knife supports were digging in to the specimen, therefore the edges were ground
down to initiate the knife supports in a smooth manner.
Representative experimental load-displacement plots and a typical specimen fail-
ure can be seen in Figure 3.12. It was established that the compressive strength
was unaffected by the impact damage. While the load-displacement response had
a reasonable variance between tests it was not seen to be an effect of the impact
damage. Furthermore, it was seen from the DIC results that for the impact energies
studied, the final failure was always governed by global buckling of the specimen fol-
lowed by structural failure in the post-buckling regime. 3D DIC was utilized for one
of the specimens, E1, where the out-of-plane motion of buckling was captured, as is
shown in Figure 3.12. It was therefore concluded that the Boeing CAI experimental
procedure is not sensitive to the damage induced by a BVID edge-on impact event.
In the next section, will go in to details on the suggested CAI experimental method
for edge-on impact and the results achieved will be presented.
3.4.2 Combined Loading Compression After Impact
The ASTM D7137 industrial standard for compression after impact testing proved
to be insensitive to the impact damage induced by the edge-on impact event. It is
therefore necessary to introduce a different method for measuring the compressive
strength after edge-on impact. The Combined Loading Compression (CLC) fixture
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Figure 3.12: Boeing CAI representative load curves and failure mode.
allows for a combination of end-loading and shear loading of the specimen by adjusting
the clamping pressure accordingly. End-loading of the specimen was desired for the
CAI and therefore the bolts were only hand tightened.
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The standard specimen length and gage lengths for CLC testing is 140 mm and 13
mm, respectively, with a width of 12 mm. From the evaluation of damage extent from
the 0◦ and 45◦ edge-on impact experiments, the damage can be seen exceeding the
gage length and width of the standardized CLC specimen dimensions. Adjustments to
the CLC experimental setup are therefore needed to keep the impact damage confined
within the gage section of the specimen. It was decided that a gage length of 50 mm
and a specimen width of 25 mm would be suitable. Maximum delamination length
was seen to be 29 mm while the delamination depth was seen to not exceed 7 mm,
Figure 3.7(a). Achieving a gage length of 50 mm in the conventional CLC fixture
would require specimen length of 178 mm. However, the impact specimens are only
150 mm long and therefore 14 mm by 25 mm shims were machined to match the
thickness of the specimens. The shims were placed on the top and bottom of the
specimen in the CLC fixture to act as load extensions, where this extension allows
for the desired 50 mm gage length to be achieved.
With the new approach for compression after edge-on impact in place and prelim-
inary testing proving successful, the specimens were all sized down to 150 mm by 25
mm strips, and the excess material was used for pristine CLC testing to acquire the
baseline. The CLC fixture did not allow for observing the surface of the specimen
during loading, due to the guiding columns blocking the view. Instead, the cameras
were used to record the edges of the specimen, and the front (impacted) and back
(non-impacted). The specimen edges were speckled for DIC post-processing purposes.
The experimental setup and a schematic for the loading can be seen in Figure 3.13.
Representative load-displacement curves for the 0◦ edge-on impacted specimens
can be seen in Figure 3.14(a). The loads have been normalized with respect to the
pristine (non-impacted) compressive failure load. It can be seen that the CLC exper-
imental method is quite sensitive to the edge-on impact damage. The experimental
peak load for the highest 0◦ impact energy, E5, drops down to roughly 60 percent
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of the pristine compressive failure load. The peak load is seen to follow a downward
trend with increasing impact energy, Figure 3.15. It can be seen that the CSAI agrees
well with the damage measurements, and the 0◦ impact shows an overall lower CSAI
than the 45◦ impacts, while they seem to be converging to very similar values with
increasing impact energies. The lowest impact energy, E1, at a 45◦ impact angle is
not seen to have an effect on the compressive strength of the specimen. This can
be related to the findings of no significant damage in the specimen besides the very
minimal crushing of the impacted edge, Figure 3.8 and 3.9.
The CLC loading event for the E2, 0◦ impacted specimen can be seen in detail in
Figure 3.14(b). The impacted and non-impacted edges of the specimen are shown at
chosen intervals (Figure 3.14(a)) during the loading event as well as the axial strain
contour being displayed on the side of each image. It can be seen in stage A that the
strain in the specimen is quite uniform. At points B and C, the strain on the non-
impacted edge is still uniform while the impacted edge shows strain concentrations.
The impacted area is seen bulging out quite significantly prior to failure. At point
D, the final failure mode is shown. The reader should be aware that DIC artifacts
can be seen in the strain contours close to the edge of the specimen, and these effects
should not be mistaken for strain concentrations.
3.5 Conclusion
Experimental results for PMC laminates subject to low-velocity BVID edge-on
impact have been presented. Traditional laminate specimens were impacted at 0◦ and
45◦ angles with respect to the impacted edge. Results were reported for five different
impact energies in the BVID regime. In-depth inspection of the impact damage was
conducted by visual inspection of the specimen surfaces as well as ultrasound C-
scanning and optical microscopic sectioning studies. The 0◦ impact event was shown










Figure 3.13: CLC experimental setup and schematic of CLC loading.
deformations through bending of the specimen. The impact damage due to 0◦ impact
angle was seen to be more significant than that of the 45◦ impact angle. In addition to
that the 0◦ impacts showed clear delaminations on the impacted edge of the specimen
while the 45◦ impact delaminations were hidden from the naked eye and only emerging
with the use of ultrasound techniques.
CAI testing was conducted using an adjusted version of the industry standard
for CSAI testing, the standard was found to be insensitive to the impact damage.
A modified CLC experimental method was then introduced for CSAI measurements
for edge-on impacted specimens. The modified CLC method proved successful and
showed high sensitivity to the impact damage induced by both the 0◦ and 45◦ impact
events. It is concluded that the use of the CLC fixture would also allow for smaller im-
pact specimen dimensions or for impact to be conducted twice on the same specimen,
once on each side opposite to each other. This would however need to be investigated
further for the 45◦ impacts due to the effect a smaller sized specimen would have on
the impact response and damage due to the constraining of the bending deformation.
The conclusion of this study is that the BVID due to edge-on impact can cause
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(b) Images and axial strain contour of the impacted and non-impacted
edge of E2 specimen during the loading invent.
Figure 3.14: CLC load-displacement curves for 0◦ edge-on impacted specimens as well
as detailed look of the failure mode for E2 specimens.
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Figure 3.15: CLC experimental peak loads for 0◦ and 45◦ impacted specimens.
significant internal damage resulting in a drastic drop in compressive strengths of the
structure. The visibility (to the naked eye) of the damage is shown to be dependent
on the angle of the impact as well as the elastic deformation of the structure. It is
shown that through-the-thickness inspection of the structure is necessary to capture
the total extent of damage from edge-on impacts at oblique angles.
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CHAPTER IV
Rate Dependence of Mode I and Mode II
Interlaminar Fracture Toughness
4.1 Introduction
Composite laminates are increasingly used in applications where performance can
be directly related to weight as is the case in the aerospace and automotive sectors.
The attractiveness of composites comes from the high strength to weight ratio and
the ability to tailor the structure specifically to each application. In many structural
applications, composite laminates do not achieve the maximum performance due to
delamination seen near highly loaded joints and in fatigue applications. In many
high performance applications, highly loaded joints can experience a range of loading
rates that vary in frequency and amplitude, and could have a large effect on the
performance. To be able to accurately predict performance, such as during impact
where the structure will experience different strain rate distributions, it is important
to understand the rate-dependence of damage and fracture properties. While the
impacts studied in this thesis are low-velocity impacts and the global loading rate of
the structure is not considered high-rate. Locally, the material can experience a wide
range of strain rates. Face-on impact FE model results, presented in Chapter VI, were
studied in detail to investigate the lamina strain rates and interface separation rate.
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It was observed that the local strain-rates ranged as high as 100 strain/s underneath
the impactor as well as on the back surface. Furthermore, mode II nodal separation
was seen to reach rates in the range of 100 mm/s underneath the impactor. For the
edge-on impact model results, presented in Chapter VII, the mode I nodal separation
rate was found to be in the range of 1300 mm/s and mode II separation rate in the
600 mm/s range. The lamina level strain rates underneath the impactor were seen to
be quite high, ranging up to 1400 strain/s for the highest energy model.
Mode I and mode II interlaminar fracture at elevated rates is the focus of this
chapter. Standards exist for quasi-static mode I and mode II interlaminar fracture
toughness testing. No standards for elevated rate testing has been broadly accepted.
A significant amount of research has been done in the past to understand the fracture
of cohesively bonded structures and interlaminar fracture of composite laminates at
increased rates of loading for mode I fracture [10, 21, 26, 63, 65, 73, 113, 119, 120],
and mode II fracture [18, 66, 80, 114, 121, 128].
Daniel et al. [21], reported a decrease in fracture toughness for a graphity/epoxy
double cantilever beam (DCB) specimen when loaded in a hydraulic load frame up
to a tip opening rate of 8.5 mm/s. Smiley et al. [113], tested graphite/PEEK and
graphite/epoxy materials using DCB specimens and loading them at a rate of up
to 670 mm/s. Smiley introduced an expression for the crack tip opening rate as a
measure for GIC rate dependence. The material systems showed a sudden decrease
in fracture toughness at a critical loading rate as well as different fracture behavior
being observed as a function of loading rate.
Kusaka et al. [65], reported a stepwise drop in mode I interlaminar fracture tough-
ness when specimens were tested up to rates of 20 m/s by wedge-insert fracture (WIF)
using a split Hopkinson pressure bar (SHPB) system. Sun et al. [119, 120], conducted
extensive testing at elevated rates using DCB specimens as well as conducting wedge-
insert fracture testing at different rates. A transition in behavior (ductile-brittle) was
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observed at the higher loading rates. The drawbacks of the wedge-insert approach
is the friction between the specimen and the wedge as it is driven between the two
arms. An extensive review was recently reported by May [74], on the current advances
in measuring the rate-dependent mode I fracture toughness of composite materials.
May reported the wedge insert fracture method as being the most promising method
(as of yet) for achieving mode I interlaminar fracture at elevated rates. Being able
to use DCB specimen configurations is an upside while achieving symmetric loading
(pure mode I) are the main attractive aspects of the method.
At the time of this chapter being written, and after completion of the experimental
work, as reported in [125]. The author came across the work of Xu and Dillard
[133]. Xu and Dillard introduced the modified WIF in a similar manner as described
in this chapter. The method was introduced to investigate the rate effects on the
impact resistance of electrically conductive adhesives. Testing was done using a drop
tower and applied loading rates of up to 1600 mm/s were achieved. The experimental
procedure did not involve measurement of the impact loads and instead a displacement
based calculation for the fracture energy [10] was used. No fracture energy corrections
were implemented for the wedge loading.
The standardized method, End-notched flexure (ENF) for conducting mode II
inter-laminar fracture has been shown to be successful at conducting at-rate testing.
The experimental setup does not introduce any un-symmetric loading due to at-rate
effects, as is seen in the mode I DCB test configuration. Due to this the research
conducted on at-rate mode II inter-laminar fracture testing has been limited to the
ENF method. While multiple different apparatus has been used, hydraulic load frames
[114], drop tower apparatus [18, 121] and Split-Hopkinson pressure bars [66, 128].
In this chapter the modified wedge-insert fracture (MWIF) method for conducting
mode I interlaminar testing on composite laminates with standardized specimen ge-
ometries is introduced and validated. The drawback of the conventional WIF method,
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friction, has been removed in the MWIF by driving a wedge in between rollers at-
tached to the specimen arms. This removes the surface to surface friction between
the wedges and the crack surfaces, and allows for accurate measurement of the mode
I interlaminar fracture toughness. The MWIF method introduced for mode I fracture
(Figure 4.1) produces an additional axial force to the beams. This additional term
will cause the two beams to be both loaded in compression as well as producing a
moment which results in additional bending strains. A correction factor for the mode
I fracture toughness calculation has been introduced into the modified beam theory
(MBT) method.
Experimental results on the rate-dependence of interlaminar mode I fracture in
polymer matrix composite (PMC) laminates obtained using the wedge insert method
are presented. The method is successfully verified against established and accepted
ASTM standard test methods at quasi-static rates. The MWIF method is shown to
be capable of producing mode I fracture for GIC calculations at quasi-static rates.
Testing at elevated rates shows a reduction in fracture toughness for initiation of
crack growth and further along in the crack propagation. The fracture behavior
is seen changing from ductile-stable behavior to a brittle-unstable/stable behavior.
The typical increase in GIC with crack growth due to bridging was seen to decrease
drastically with increasing rate.
4.2 Mode I: Modified Wedge Insert Fracture Method
The MWIF configuration was designed for use on a drop tower testing apparatus
but can be adjusted for other at-rate loading configurations such as a Split Hopkinson
Pressure Bar for instance. A schematic of the MWIF configuration can be seen in
Figure 4.1. The method utilizes the same specimen dimension and preparation as the
standardized DCB specimens used for mode I interlaminar fracture. Aluminum blocks
are attached to the pre-cracked end of the specimen. Holes are machined with high
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precision (slip fit tolerance) to fit hardened precision ground steel pins. Lubrication
is added to the system and near frictionless roller bearing movement is achieved. Two
wedges made from 7075-T6 aluminum are then inserted in between the two rollers,
one wedge on each side of the beam. The wedge angle can be varied, and in this
study a wedge angle of 90◦ was chosen so that the axial and vertical loading on the
pin is of equal magnitude. By fixing the specimen at the intact end and driving the
two wedges down, the rollers are forced to move up the wedge. As a result, the two
arms of the DCB are pulled apart producing a mode I fracture.
Due to the nature of the loading, an additional axial force is applied to each
roller. This additional axial force needs to be accounted for in the calculations for
the mode I interlaminar fracture toughness, GIC . The GIC corrections are derived in
the following subsection.
4.2.1 GIC Corrections
The wedge angle has been fixed at 90◦ and therefore the axial and vertical loading
on the pin will be equal in magnitude. Figure 4.1 shows a schematic of the method.
The addition of the vertical force will cause a moment to be applied through a moment















Figure 4.1: MWIF schematic.
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the axial load, UA, and the moment, UM , in proportion to the elastic strain energy













Where h is the thickness of the beam and a is the beam length. It can be seen
that UA is negligible when h a and that UB accounts for ≈ 91% of the total elastic
strain energy. UM accounts for ≈ 9% of the total elastic strain energy at the initial
configuration, a = a0 and β = β0. Contribution from UM decreases rapidly as the
delamination grows. The elastic strain energy caused by the axial load in the beams
will therefore be considered insignificant, while the moment contribution is not.
From classical fracture mechanics the condition for crack growth is given by [14]
d
da
(UT − F +W ) = 0 (4.3)
where UT is the total elastic strain energy, F is the work done by external forces
and W is the energy required for crack formation. One can therefore determine the









(F − UT ) (4.4)
where b is the width of the specimen. The work done by external forces and elastic
strain energy is, respectively,











Where P is the external load (horizontal and vertical) associated with each beam
and δ is the tip opening displacement. Crack length is denoted by a , β is the moment
arm and the flexural rigidity of the beams is denoted by D. The second term of the
elastic strain energy is the additional term due to the moment caused by the wedge
loading. From classical beam theory,
δ = CP (4.7)





Now by combining eq. 4.5 and 4.6 into 4.4 and using the compliance relation in










A secondary correction can be made to account for the change in length of the
moment arm with increased bending. This can be done by relating β to the original
moment arm length, β0, and the beam tip rotation, θtip, where θtip can be expressed
in terms of the tip deflection. The expression for β becomes,





















4.2.2 Corrections for Elevated Rates
When elevated loading rates are being considered, there are two factors that need
to be looked at, kinetic energy in the system and the definition of local rate (or crack
tip rate). The inclusion of kinetic energy in the system will have an effect on GIC
calculations and needs to be accounted for. The crack tip opening rate varies from
that of the applied loading rate and therefore a single test can give GIC for multiple
rates. First, the GIC corrections will be introduced. The equation for the critical






(F − UT − T ) (4.12)
where T is the total kinetic energy in the system. The kinetic energy contribution
to GIC for a DCB can simply be calculated from the kinetic energy of a cantilever







where ρ is the density and δ̇ is the loading rate. It can be seen that for a quasi-
static loading rate the kinetic energy contribution is negligible. The MWIF expression


















Secondly, the crack-tip loading rate can be found at each crack length prior to
crack propagation. The crack-tip loading rate at a distance x from the crack tip,
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At the crack tip (x=0) the rate prior to crack propagation is zero (ẏ(0) = 0).
The crack-tip loading rate will therefore be considered at a finite distance, ε, from
the crack tip, following the example of Smiley et al. [113]. ε was chosen to be two
ply thicknesses. The equation for the crack-tip loading rate becomes (given that





4.3 Mode I Fracture Experimental Results
MWIF Mode I interlaminar fracture tests were performed at quasi-static rates
and elevated rates. The dimensions of the specimens were kept the same throughout
the tests, both for the ASTM standardized DCB and MWIF tests. The specimen
dimensions can be seen in Figure 4.2. The specimens used are 32 ply unidirectional
laminates, [0]32, with a manufactured interlaminar crack in the form of a teflon insert
on one side of the specimen. The teflon is inserted at the mid-plane of the laminate.
The length of the teflon insert is 76.2mm and therefore results in a ≈ 70mm initial










𝑊𝑖𝑑𝑡ℎ (𝑏) = 25.4𝑚𝑚
3.15 𝑚𝑚
Figure 4.2: Specimen dimensions.
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front. This can be done by pre-testing the specimen in fatigue, or by other means,
until the crack propagates a small amount.
Quasi-static and intermediate rate testing was performed on a Shore Western
hydraulic load frame with a displacement controlled loading rate of 0.01 mm/s and
50-100 mm/s for the quasi-static and intermediate rates, respectively. The quasi-
static event was recorded using a Nikon D5300 digital camera with a 105 mm lens.
The camera was recording at 0.2Hz. The intermediate rate tests were recorded using
a Photron SA-X high-speed camera with a 105 mm lens recording at a rate of 2kHz,
depending on loading rate. Resolution of the high-speed images are 1024 pixels by
512 pixels. The tip displacements of the two beams as well as the crack length were
tracked digitally using a MATLAB script.
Elevated loading rate testing was conducted on a drop tower. The impactor mass
was chosen to be high enough so that the kinetic energy of the impactor would
be significantly larger than the energy put into the system as well as the energy
dissipated by the mode I fracture. An impactor mass of 25 kg was used, and proved
to be sufficient to achieve a smooth loading motion. The elevated loading rates ranged
from 300-3600 mm/s. The elevated rates were recorded using the same camera setup
as the intermediate rates, recording at a rate of 5-20kHz and a resolution of 1024
pixels by 512 pixels. Tip displacement as well as crack length were tracked in the
same manner as for the quasi-static and intermediate rate tests.
GIC calculations for stable crack growth were done using the MWIF modified
beam theory (MBT) method described in the previous section. These GIC values are
therefore initiation values which are not representative of unstable crack growth. Any
experimental variability is reported with the average value and the standard deviation
(STD).
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4.3.1 Quasi-static Rates: Method Validation
The MWIF method was verified at quasi-static rates by comparing it to ASTM
D5528 standard for mode I interlaminar fracture. The specimen dimensions and
preparation was kept the same between the two test configurations, Figure 4.2. The
DCB method was therefore done using the same aluminum blocks and rods. The
only difference is how the tip deflection is transmitted to the specimen. The MWIF
method pushes the wedges in between the two rollers, producing an additional force
term, while the DCB method pulls the two rods apart. The MWIF experimental
fixture used in a hydraulic load frame can be seen in Figure 4.3
Figure 4.4 shows representative curves for the five tests conducted for the two test
Initial crack
Bridging
Figure 4.3: MWIF experimental fixture shown in the hydraulic load frame for a quasi-
static test.
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configurations. The plot shows load vs. tip displacement (δ), and crack length (∆a)
vs. tip displacement for the two methods. It can be seen that the two methods agree
very well with each other. Most importantly, the post-peak trends and crack growth
are in very good agreement which is the early indication that the GIC evaluation
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Figure 4.4: Load (solid lines) and crack length (stars) vs. displacement for the quasi-
static WIF and DCB tests.






















DCB at 0.01 mm/s
WIF at 0.01 mm/s
Initial Crack Jump
Figure 4.5: GIC vs. crack length for the quasi-static WIF and DCB tests.
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would agree as well. The peak load variation (Figure 4.4) is within the experimental
bound that was seen for both methods, with the average peak load for the DCB tests
having a STD of 7% and the MWIF test average peak load being 98.9% ± 0.7% of
the DCB average. While the MWIF showed a lower STD. Further testing would be
required to confidently say that the method is more repeatable than the standardized
DCB test. The average quasi-static MWIF peak load, denoted as PQSmax, will be used
as a reference from here onwards.
All tests showed an initial unstable (dynamic) crack growth. The average initial
crack growth was 17.4± 2.5mm, including both methods. The difference in the load
drops and unloading slopes (dotted lines) can be directly explained as being due to
a difference in initial crack lengths. The higher the peak load the more energy will
be dissipated during the unstable crack growth causing a longer initial crack growth.
This, as a result, causes a larger load drop and a lower unloading slope which can be
shown with simple beam theory calculations.
GIC values for the representative quasi-static DCB and MWIF tests based on
equation 4.11, where β0 = 0 for the DCB test, can be seen in Figure 4.5. Values have
been normalized with the average quasi-static value which will be denoted as GQSIC
from here on out. This initial GIC calculated for the unstable crack growth differed
slightly between the two tests but is within the experimental bound observed, with
a STD of 10%. The GIC results for the stable crack growth are in good agreement.
GIC was seen increasing slightly with increasing crack growth, and this is a classic
bridging behavior (Figure 4.3). It is therefore concluded that the MWIF method is
adequate for capturing the mode I fracture desired for GIC measurements.
4.3.2 Intermediate and Elevated Rates
Testing at elevated rates was categorized into two different sets of testing. In-
termediate rate (50-100 mm/s) which was conducted on a hydraulic load frame and
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Figure 4.6: Load (solid lines) and crack length (stars) vs. displacement for all rates.
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Figure 4.7: Load (solid lines) and crack length (stars) vs. displacement for a loading
rate of 1600 mm/s.
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elevated rates (300-3600 mm/s) done on a drop tower apparatus. Figure 4.6 shows
the load and crack length (∆a) as a function of tip displacement (δ) for different tests
representative of their rate. In a similar manner Figure 4.9 shows GIC as a function of
crack length (∆a). As was done in the quasi-static testing, the tip displacements (δ)
and crack lengths (∆a) are measured from the images taken during the loading event.
GIC was calculated using equation 4.14, which accounts for the MWIF correction and
the kinetic energy in the system.
The intermediate rates showed a slight difference from the quasi-static rates, with
peak loads similar in all the tests, with an average load of 1.01PQSmax±3.2%. The post-
peak response consistently showed an increased load which can partially be related
to the shorter initial crack lengths. As the tip displacement increases they merge
into the quasi-static results. The elevated rate tests showed a significant drop in
peak load as well as the post-peak response. The average peak load for the elevated
rates was 0.80PQSmax ± 7.0%, when the 300-3600 mm/s rates are lumped together for
reference purposes. The load-displacement response at the highest rate (1400-3600
mm/s) showed a sudden change in fracture behavior, where the fracture transitioned
from a ductile-stable behavior to a brittle-unstable/stable type behavior. This can be
seen from both the load-displacement curves saw-tooth like shape as well as the crack
length-displacement relations, showing crack velocities changing during the event.
This is similar to the finding reported in [119, 120].
Figure 4.7 shows the 1600 mm/s test in more detail. By looking at the sections
marked on the plot (A, B and C) we can see that the crack jumps a significant
amount at an increased velocity. The crack can be seen jumping 22.5mm, 15.4mm
and 17.8mm for section A, B and C, respectfully. During these spurts of crack growth
the load can be seen to drop significantly. It is noteworthy to mention that the load
drops are not vertical on the load-displacement curve as is seen in the lower rates, and
this is due to the impactor moving at a rate closer to the crack propagation velocity.
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While the crack length vs. displacement are shown to follow the same trend, the
higher rate responses (above 320 mm/s) show the brittle-unstable/stable behavior.
Figure 4.8(a) shows the crack length vs. time for the elevated rates testing (slower
Time [Sec]


























(a) Crack length vs. time
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   Linear Fit
(b) Crack growth rate vs. loading rate
Figure 4.8: Figures showing the crack growth behavior and the relation to loading
rate.
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Figure 4.9: GIC vs. crack length for all rates.
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rates are not shown due to the significant time duration difference). The results
here include tests up to a loading rate of more than 4000 mm/s, while the load-time
history was not captured during this test and the applied displacement and crack
growth could be measured. These results show in more detail how the crack jumping
sets in at high rates as well as how the time duration (or wave lengths) of these
velocity spurts gets larger with increasing rate. This can be seen clearly by observing
the more linear trend of the higher rate curves. From this it could be drawn that as
the rate is increased, a fully dynamic crack growth could be achieved, and at that
point the length of the specimen could start having a significant effect on the test.
Further investigation on this matter would need to be made.
Figure 4.8(b) shows the crack growth rate vs. loading rate for the intermediate rate
and elevated rates testing. The crack rate is a global rate for the test estimated from a
linear fit of the crack length vs. time plot and therefore neglecting the growth spurts.
The intermediate and elevated rates showed a linear relation between the applied
loading rate and crack growth rate where the crack growth rate is approximately 4.5









Quasi-static Loading Rate Elevated Loading Rate
Crack tip
Effect of increasing rate
Figure 4.10: Effect of loading rate on bridging and process zone lengths.
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ratio of 3.8 between the crack growth rate and applied loading rate, this is possibly
an effect of the larger bridging and process zone. The crack growth to loading rate
ratio is most likely dependent on a combination of multiple factors such as the loading
rate, material properties, and as well the geometry of the structure.
GIC results, averaged w.r.t. G
QS
IC , for the set of loading rates can be seen in Figure
4.9. The quasi-static and intermediate rate results are shown as average GIC values
over the five tests. Note though that here the fracture toughness measurements are
compared only as a function of crack length (∆a) and the “far field” loading rate
(δ̇). In the next section, the effect of (an estimated) local loading rate is investigated.
The results show a clear dependant between GIC and loading rate. As the rate
was increased from 0.01 mm/s to 3600 mm/s, a drop of more than 60% was seen for
initial GIC and an average drop of roughly 40% for propagation. The initial reduction
at increased loading rates can be explained by the localization and the decrease in
process zone length as the system has insufficient time to effectively disperse the
strain energy caused by the external work, Figure 4.10. While the GIC values right
after the initial load drop seem to agree across rates (within experimental margins),
the resistance for further crack growth show a clear rate dependence. This rate
dependence is thought to be a combination of two things. First, the decrease in
process zone length and secondly the decrease in effective bridging length, Figure
4.10. The GIC is seen to plateau at approximately 70-80 mm of crack growth for
the quasi-static results while for the intermediate rates this plateau is seen to appear
earlier and at a reduced toughness. The elevated rates show slight increase from the
initial values before showing a plateau behavior when the effect of dynamic crack
growth (which produced saw-tooth or oscillation behavior) is neglected. The extent
and contribution of these effects are difficult to achieve experimentally but could be
studied further with computational models.
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4.3.3 Rate Dependence
The fracture toughness results were presented in the previous section as a function
of crack length. In this section, GIC will be looked at as a function of crack tip loading
rate, ẏct. While the far-field loading rates ranged from 0.01-3600 mm/s, when looking
at the crack tip loading rates, the maximum was found to be roughly 0.17 mm/s.
Figure 4.11 shows GIC plotted against the local crack tip rate for each of the tests.
Quasi-static tests are represented by squares, intermediate rate tests by diamond
shapes and elevated rates are represented by triangles. Each color then represents a
separate test. A clear trend can be seen between the intermediate and elevated rates
tests, where with increasing rate the fracture toughness is reducing steadily. The
quasi-static results at initial glance seem to lie outside of that trend.
However by investigating the results as initial and plateau GIC values where the
bridging effect is minimal for the initial values, and considered maximized for the
plateau values more insight into the behavior can be had. The initial value where the
bridging effect is minimal was considered from Figure 4.9 to be the values calculated
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Figure 4.11: GIC as a function of crack tip rate ẏct.
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for crack lengths (∆a) shorter than 40 mm. The plateau values, where bridging is
considered significant, is considered for crack lengths (∆a) below 40 mm. For the
initial values only, Figure 4.12, it can be seen that the intermediate rate tests show
Crack Tip Rate _yct [mm/s]





















Figure 4.12: Initial GIC measurements (∆a < 40mm) as a function of crack tip rate
ẏct.
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Figure 4.13: Plateau GIC measurements (∆a ≥ 40mm) as a function of crack tip rate
ẏct.
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less scatter yet the average is fairly similar compared to the quasi-static values. As
the loading is increased further the initial fracture toughness can be seen trending
down slightly.
When the plateau values are considered, Figure 4.13, the results are more confined
for each rate considered. The quasi-static results still show the biggest scatter, which
is due to the highly effective bridging area while the elevated rates show little to effect
from bridging (plateau through out). The same conclusion was drawn from Figure
4.9. It is clear from the plot that in the presence of a bridging behavior the fracture
toughness of the structure becomes heavily dependent on the applied rate of loading.
Using the average mode I interlaminar fracture toughness for the quasi-static tests
as GQSIC and using it as a reference, as has been done previously, the intermediate
rates (when lumped together) have an average GIC of about 0.92G
QS
IC and at the
elevated rates it drops down below 0.37GQSIC for the initiation value of the highest rates
achieved. These results are similar to trends that have been reported in literature
[65, 113].
4.4 Mode II: End-Notched Flexure Tests
Mode II interlaminar fracture testing was performed with an End-Notched Flexure
(ENF) configuration, where the quasi-static and intermediate testing were done on an
hydraulic load frame (Shore Western, 35,000 lbs load capacity) while the elevated rates
were performed on a drop tower (Instron CAEST 9850, 90kN load tub adjusted to 10%
of operating value, or 9kN). The experimental setup (for the elevated rates) and test
dimensions can be seen in Figure 4.14. The span length (2L) is 203.2 mm (8), bottom
roller diameter is 25.4 mm (1) and the top roller diameter is 19.05 (3/4). The initial
crack length (a0) was fixed at 50 mm for all tests, with a variance of approximately
+/- 1mm. GIIC calculations were done in accordance to ASTM standard 7905, and
further details will be shown in the following chapter. An additional term accounting
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(a) Mode II elevated rate experimental setup.
(b) Test dimensions.
Figure 4.14: Experimental configuration for the mode II fracture testing.
for the kinetic energy contribution is also described.
4.4.1 GIIC Calculations
Mode II interlaminar fracture toughness, GIIC , calculations were done in accor-







Where PMax is the experimental peak load, a0 is the initial pre-crack length, b is
103



































𝑦 = 𝑚𝑥 + 𝑎 
Figure 4.15: Compliance vs. crack length cubed - Compliance calibration plot.
the width of the specimen and m is the slope obtained from the calibration analysis.
The kinetic energy also needs to be accounted for when the rate is increased. The
kinetic energy for a beam under three point bend loading can be estimated as two
cantilever beams with displacement δ. The kinetic energy term becomes similar to










where ρ is the density, h is half the thickness of the beams (2h = thickness) and
δ̇ is the applied loading rate. We can see that the kinetic energy correction is four
times larger than that of the mode I fracture.
4.4.2 Compliance Calibration (CC)
The compliance calibration method was done at quasi-static rates and then used
onward in the intermediate rate and elevated rates testing. The stiffness (slope of the
load-displacement relation) did not change noticeably between rates and therefore it
was thought to be a good assumption. Calibration was done with the same specimen.
A specimen was loaded up to 25% of the peak load observed in the preliminary
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experiments. The pre-crack length, a0, was tested at 35 mm, 50 mm (general testing
length) and 65 mm, and the load displacement response were plotted and compliance







with the compliance known for the three different initial crack lengths, the results
can be plotted as compliance vs. crack length cubed, and the slope of the curve
acquired is m, which is used in the GIIC equation. The compliance plot can be
seen in Figure 4.15, and the coefficient was initially found to be too high. First the
initial crack lengths were measured from images to get a more accurate measurement,
and they were corrected by slight amounts ( 1-2 mm). When actual test data was
examined for compliance vs. initial crack length, the results matched closely with the
CC estimate from the 50 mm and 65 mm crack lengths only. The coefficient from the
CC, not including the shortest crack length, was therefore used in the experimental
GIIC calculations.
4.5 Mode II Fracture Experimental Results
Mode II interlaminar fracture tests were performed on ENF specimens both at
quasi-static rates and elevated rates. The dimensions of the specimen were kept the
same throughout the tests. The specimens used are 32 ply unidirectional laminates,
[0]32, with a manufactured crack in the form of a Teflon insert on one side of the
specimen, same as the mode I fracture test specimens. The Teflon is inserted at the
mid-plane of the laminate. The length of the Teflon insert is 76.2mm and therefore
results in ≈ 50 mm initial crack length. The specimens were not pre-cracked further
to produce a natural crack front, similar to the mode I specimens.
Quasi-static and intermediate rate testing was performed on a Shore Western
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𝑄𝑢𝑎𝑠𝑖 − 𝑠𝑡𝑎𝑡𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 
(b) Peak load vs. rate
Figure 4.16: Mode II experimental responses.
hydraulic load frame with a displacement controlled loading rate of 0.01 mm/s and
25 − 75 mm/s for the quasi-static and intermediate rates, respectively. The quasi-













































𝑄𝑢𝑎𝑠𝑖 − 𝑠𝑡𝑎𝑡𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐺𝐼𝐼𝐶  
Figure 4.17: GIIC as a function of loading rate.
The camera was recording at 0.2Hz. The intermediate rate tests were recorded using
a Photron SA-X high-speed camera using the same 105 mm lens recording at 4kHz.
The crack location was tracked using a MATLAB script.
Elevated loading rate testing was conducted on an Instron CAEST 9350 drop
tower, Figure 4.14(a). The impactor mass was chosen to be high enough so that the
kinetic energy of the impactor would be significantly larger than the energy put into
the system and therefore the energy dissipated by the mode II fracture. This is done
to ensure a nearly perfect ramp loading condition. An impactor mass of 19.4 kg was
used, and proved to be sufficient to achieve a smooth loading motion. The elevated
loading rates ranged from 1000−2800 mm/s. The elevated rates were recorded using
the same camera setup as the intermediate rates, with images recorded at 20−30kHz,
depending on rate. The crack location and loading displacement was tracked using a
MATLAB script.
Representative load-displacement response for the different rates can be seen in
Figure 4.16(a), where load has been normalized with respect to the average quasi-
static peak load. It can be seen that there is a reasonably big jump in peak load
between 0.01 mm/s and 25 mm/s. The jump beyond that is less significant with
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respect to the increase in rate. Figure 4.16(b) shows the normalized peak loads as a
function of loading rate. The x-axis is plotted on a logarithmic scale to give a better
visualization. The peak load jumps between the quasi-static and intermediate and
then gets effected very little with increasing rate.
GIIC calculations for crack growth initiation were done using the CC method, Eq.
4.17 and 4.18. The kinetic energy was accounted for in the intermediate and elevated
rates GIIC calculations. GIIC as a function of loading rate can be seen in Figure 4.17,
x-axis once again plotted on the logarithmic scale for better at-rate representation.
It can be seen that the quasi-static results showed a variance of roughly 10%. Using
the average quasi-static GIIC result as a reference an average increase of ≈ 31% for
the intermediate loading rates is noted. The elevated rates show an increasing trend
up to loading rate of 1437 mm/s, where GIIC was seen to increase beyond 1.4 times
the average quasi-static value. When the rate was increased further to 1700 mm/s
and beyond an overall decreasing trend in GIIC was observed.
From the testing conducted it is clear that a sudden change in behavior is observed
at increasing loading rates. Initially an increasing trend is seen for GIIC with loading
rate. With the loading rate increased further a sudden shift to a downward trend is
seen. At this point, it is unclear what the cause is and further work would be required
to understand the behavior. Increasing the loading rate beyond 2800 mm/s would
also be essential for the study.
4.6 Conclusion
Experimental results for mode I and mode II interlaminar fracture in polymer
matrix composites at elevated rates has been presented. A novel method for con-
ducting mode I fracture at elevated rates has been introduced. The MWIF method
eliminates the frictional effects introduced between the wedge and beams in the con-
ventional WIF method. This is achieved by inserting two wedges in between rollers
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that are inserted into the conventional (aluminum block) DCB specimen. The alu-
minum blocks are machined to a high precision to allow the rollers to rotate freely
(lubrication is added), similar to the conventional DCB method. The MBT method
for mode I fracture toughness calculations has been extended to account for the ex-
tra loading factor that is introduced with the MWIF method. The MWIF method
has been verified against established methods for mode I fracture in fiber reinforced
polymer matrix composites at quasi-static rates and showed good agreement. Mode
I fracture testing was performed at rates ranging from 0.01− 3600 mm/s, utilizing a
hydraulic load frame for rates up to 100 mm/s and a drop tower for rates up to 3600
mm/s.
Intermediate rate testing (50− 100 mm/s) showed a slight decrease in GIC while
agreeing reasonably well with the quasi-static results (0.01 mm/s) for the load-
displacement response. The elevated rates (300 − 3600 mm/s) showed a significant
decrease in GIC , most notably in the upper range as well as showing an overall load
reduction in the load-displacement response. A downward trend for GIC vs. rate
was observed. The effect of bridging was seen to decrease significantly with increased
loading rate.
The MWIF testing method presented in this chapter has been shown to agree
well with established quasi-static methods. The method has been shown to be viable
for conducting mode I fracture of polymer matrix composites at elevated rates. The
authors feel that the experimental procedure is a good candidate for further study of
mode I fracture toughness measurements at elevated rates and that the method can
be extended for use with high-rate testing.
The ENF method was used to conduct testing at quasi-static, intermediate and el-
evated rates. Mode II fracture testing was performed at rates ranging from 0.01−2800
mm/s utilizing a hydraulic load frame, for rates up to 50 mm/s and a drop tower for
rates up to 2800 mm/s. Intermediate rate testing (25−50 mm/s) shows a significant
109
increase in GIIC . The elevated rates ranging from 1000− 1500 mm/s showed only a
slight increase in GIIC compared to the intermediate rates while increasing the rate
to 1700 mm/s and beyond resulted in a downward trend in GIIC . Further study of
the mode II fracture would be essential to understand the behavior further. Loading
rates in excess of 3000 mm/s should be examined. Computational modeling of the
testing would also give detailed information and knowledge into the fracture behavior
of the system.
While it is clear that rate-effects are seen in the experimental procedure the effects
of it could not be fully understood from the experimental findings presented in this
chapter. For instance, the effect of rate on the process zone length and bridging on
the initial GIC values compared to the fracture toughness for a fully evolved bridg-
ing length. Furthermore, for the implementation into a FE framework the fracture
behavior needs to be investigated with respect to the cohesive (traction-separation)
laws. What kind of shape should the cohesive law take and how should the shape
evolve with the rate of separation to capture the rate effects seen in the experiments.
It would therefore be essential to conduct a further study, both experimentally and
numerically, to investigate the fracture behavior at the different applied loading rates.
This would also give valuable insight and information into the actual experimental




Finite Element Modeling of Impact
5.1 Introduction
In this chapter, the Enhanced Schapery Theory (EST) material model for progres-
sive damage and failure modeling of lamina within a multidirectional laminate will be
introduced. EST is a plane stress material model which captures the full field damage
and failure of a lamina in the 1-2 principal material plane. EST captures the pre-peak
matrix dominated non-linearity due to micro-damage using Schapery Theory (ST).
Post-peak behavior is modeled using the Bazant-Oh Crack Band (CB) model. The
material model was developed by Pineda and Waas [88–90] and implemented as a user
material subroutine (VULT) for the commercial FE solver ABAQUS Explicit [1]. The
model has proven itself, many times over, to be highly capable of capturing in-plane
damage and failure in a computationally efficient manner [88, 89]. EST is a mixture
of high-fidelity failure modeling and computational efficiency and was therefore ideal
for the impact model requirements, as will be discussed in Chapter VI.
EST coupled with Discrete Cohesive Zone Method (DCZM) elements for capturing
the inter-laminar failure modes due to mode I (peel) or mode II/III (slip/shear) load-
ing allows for modeling of laminates under both in-plane and transverse loads. The
DCZM is a discrete cohesive element, which uses nodal traction-separation laws. It is
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Figure 5.1: Schematic explaining the EST damage and failure model.
finite thickness cohesive layers. The element stiffness matrix is sparse and therefore
computationally efficient. The DCZM element was first developed as a 2D formula-
tion by Xie and Waas [131] and later extended to 3D by Gustafson and Waas [40–42].
The sensitivity of the cohesive law input parameters have been studied [42]. The
shape of the cohesive law was also studied with respect to computational stability
and efficiency [41].
In the following chapter, the intra-laminar progressive damage and failure model,
EST, will be first introduced. Next the DCZM element for capturing inter-laminar
fracture will be presented.
5.2 Intra-lamina Damage and Failure Model
As previously mentioned, EST combines ST [105, 106] and the Bažant-Oh Crack
Band (CB) [9] model in order to capture the pre-peak (damage) and post-peak (fail-
ure) strain softening behavior of the material in the 1-2 plane. ST captures the
pre-peak non-linearity due to matrix micro-cracking while CB captures the post-peak
response due to macroscopic matrix cracks due to normal (tensile or compressive)
and/or shear loading. CB also captures post-peak strain softening due to fiber failure
in tension or compression. Failure initiation is handled through the Hashin-Rotem
[45] strain based failure criteria. EST has been implemented as a plane-stress user de-







(a) Schapery theory schematic. (b) Shear micro cracks present in a +/-45
tensile test [77].
Figure 5.2: Pre-peak non-linearity modeling and experimental details.
shells) in the ABAQUS Explicit solver.
In the following chapters the EST theory will be explained in a systematic manner.
The pre-peak nonlinearity modeling approach (ST) will first be presented. The failure
initiation criteria will be presented as well as the post-peak strain softening (CB)
modeling details. The EST input parameters are reviewed in Chapter 6.2.3.
5.2.1 Pre-peak Non-linearity - Schapery Theory
ST [105, 106] is a thermodynamically based work potential model which captures
the pre-peak non-linearity, Figure 5.3(a) due to matrix micro cracking on the fiber and
matrix length scale. Matrix micro cracks are initiated by shear loading of the matrix,
Figure 5.3(b). Matrix micro damage can occur due to hackling, shear banding, micro-
fissures and fiber/matrix disbonds, to name a few. In this chapter, the theoretical
derivation of the model will be summarized as implemented by Pineda and Waas
[88–90].
The total work potential, WT , can be expressed in terms of an elastic potential,
WE, and a dissipated potential, WS. The dissipated potential has contributions from
both ST and CB, as will be shown in the chapter on CB, Chapter 5.2.3. In this
chapter, the dissipation potential will be referred to as simply the energy dissipated
due to micro cracking, WS = S. The total work potential, absent of macroscopic
damage, becomes
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WT = WE + S (5.1)
where WE and S are graphically represented in Figure 5.3. Schapery showed that








By applying the second law of thermodynamics [100], the inequality can be achieved
Ṡ ≥ 0 (5.4)
The inequality equation signifies that no healing of the material is allowed, and the
time derivative of the dissipated energy is always positive and therefore S will always
increase with time. The elastic potential can be written from classical lamination














Since the micro damage, S, is only accumulating in the matrix, it is assumed
that the longitudinal modulus, E11, is unaffected and remains constant. However,
the transverse direction and shear moduli, E22 and G12, respectively, are affected by
the presence of micro damage in the matrix. The transverse and shear moduli are
written in terms of the Schapery micro damage functions and the pristine moduli.
E22 = E220es(S) (5.6)
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G12 = G120gs(S) (5.7)
Where E220 and G120 denote the pristine transverse and shear moduli, respectively.
es(S) and gs(S) are the transverse and shear Schapery micro damage functions, re-
spectively. The Schapery micro damage functions are acquired from mechanical test-
ing (or a combination of mechanical testing and virtual simulations), this procedure
is described in Appendix C.
By assuming that Q12 = ν12E22 is independent of S and therefore remains con-
stant, the Schapery micro damage evolution equation is found (by utilizing equations













Sicking and Schapery [106] showed that S varies in relation to ε3 where ε is the ap-
plied strain in the experimental coordinate frame (applied tensile/compressive strain



















The above equation is an ordinary differential equation which can be solved with
respect to the reduced damage variable, Sr. With the degradation of the transverse
and shear moduli of a lamina, and after assuming plane stress conditions, and that


















Failure initiation, which marks the initiation of macroscopic matrix cracks or fiber
failure is controlled by the Hashin-Rotem [45] strain based failure criteria. Failure
initiation marks the activation of the post-peak crack band and in result a negative










= 1 ε1 < 0 (5.13)
Where XT and XC are the fiber direction failure strains in tension and compres-
sion, respectively. Hashin and Rotem introduced mixed mode matrix failure criteria,
the criteria depends on the normal (mode I) and shear strain. The mixed mode




















= 1 ε22 < 0 (5.15)
Where YT and YC are the transverse (mode I) failure strains of the lamina in
tension and compression, respectfully. Z is the matrix shear (mode II) failure strain
of the lamina. Furthermore, when either one of Eq. 5.12 or 5.13 is satisfied, that
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(a) Crack band schematic (b) Matrix macro cracks and fiber rup-
ture.
Figure 5.3: Post-peak strain softening modeling and experimental details.
tractions. However, matrix failure does not initiate fiber failure.
5.2.3 Post-peak strain softening - Crack band
The Bažant-Oh CB model is implemented as an extension to the ST model al-
lowing modeling of the full in-plane damage and failure event of a fiber reinforced
composite material. Once the failure criteria are satisfied the CB calculation is ini-
tiated. As previously mentioned, ST is utilized to model the pre-peak non-linearity
due to matrix micro-cracking. CB captures the post-peak behavior due to failure.
Failure occurs in the form of matrix transverse (tension and compression) and shear
cracking as well as fiber failure in tension and compression.
The CB model is a smeared modeling method, meaning that the crack is smeared
over the element in the form of degradation of the material moduli associated with the
crack direction (1 for fiber failure, 2 and 12 plane for matrix failure). The post-peak
strain softening is handled through traction-separation laws which are related to the
stress-strain response by introducing a characteristic element length, introduced by
Bažant [9]. More detail will follow later in the chapter.
The strain energy density, Eq. 5.1, now includes additional internal state variables
(ISV) associated with the individual CB failure modes. The total strain energy density
becomes
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Where WE is once again the elastic strain energy. S is the dissipated energy due
to micro cracking from ST. SmI and S
m
II are the dissipations due to mode I and mode
II matrix failure, respectively. SfI is the dissipation due to tensile/compressive fiber
failure. At failure initiation the micro-cracks are considered to have transitioned into
macro cracks and therefore the ST calculations are halted and the dissipation energy
from ST becomes constant. At this point a crack is forming in the element and the
transition from continuum to non-continuum response occurs. The element behavior
is now calculated from the uncoupled CB traction-separation laws.
Applying the stationary principle to each individual ISV gives the following rela-













Where Eq 5.17 is simply the ST part and Eq. 5.18-5.20 are the CB associated
stationary principles. As before, by applying the second law of thermodynamics, the
following inequality equations are derived
Ṡ ≥ 0 (5.21)
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ṠmI ≥ 0 (5.22)
ṠmII ≥ 0 (5.23)
ṠfI ≥ 0 (5.24)
These relations ensure the fact that none of the ISVs are able to decrease with time
and therefore constraining any healing of the material. The energy potentials include
the total energy available for dissipation (from crack growth) and a subtraction of the
recoverable energy if the crack would be closed back up. The strain energy release




























Where GmI and G
m
II denote the matrix fracture toughness for mode I and mode II,
respectively. GfI denotes the fiber direction fracture toughness. t stands for the trac-
tion associated with each mode of failure (I and II) as well as for the matrix and fiber,
m and f respectively. The subscript C denotes the critical cohesive traction (traction
at initiation of failure). The potentials for each failure mode can be established from
Eq. 5.25-5.27, by using a characteristic crack length (element length depending on

































The crack length is denoted by the element length depending on the direction of
the crack. Transverse/shear matrix cracks will grow parallel to the fibers and are
therefore dependent on the element length in the fiber direction, denoted as lel,θ.
Fiber failure will occur perpendicular to the fiber direction and therefore the crack
length depends on the element length perpendicular to the fiber direction, denoted
as lel,θ+90◦ . Note that the latter part (subtractions) of Eq. 5.28-5.30 are simply the
elastic strain energy of the crack. The tractions can be simply related to the secant
















The elastic strain energy of the crack can now be expressed in terms of the traction
separation law secant stiffness and separations. Note that the secant stiffness is here




















































































I = −1 (5.41)
Where Eq. 5.38 is simply the ST micro damage evolution equation derived in
Eq. 5.10 using the reduced damage variable, Sr. It can be seen that the ISV evolu-
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tion equations are completely uncoupled. A simple mixed mode energy criterion is












can be determined from Eq. 5.39-5.41 at the initiation of failure in terms of applied
strain using the traction separation laws and kinematics.
First the derivation of the dissipation potentials, derived from equations 5.25-5.30,

























Where the tractions in the above equations are now the critical cohesive strengths,
denoted by C as was shown before. Now from Eq. 5.39-5.41, using the above equations























The above integrals can be evaluated while applying the correct boundary condi-
tions. The secant stiffness, k goes to zero when the critical separation of the traction-
separation laws are achieved. Applying this boundary condition allows for the secant





































As previously mentioned, the transition from a continuum to non-continuum re-
quires a relationship between the traction-separation and stress-strain response of the
material. The strains in the post-peak regime, once failure is initiated, can be related




















12 are the strains at failure initiation, when the appropriate
Eq. 5.12-5.15 are satisfied. The traction separation law tangent stiffness can now be






































The equations above, Eq. 5.55-5.57, are used once the associated failure crite-
ria are activated for calculating the traction-separation secant stiffness of the non-
continuum. Eq. 5.31-5.33 and 5.52-5.54 can then be used to calculate the tractions on
the crack surface and the separation (crack tip opening displacement). It is assumed
that the stress state at each integration point is homogenous and that the stresses in
the element are equal to the crack surface tractions. Finally, the longitudinal (E11),
transverse (E22) and shear (G12) moduli at the integration point can be calculated











































where E∗22 and G
∗
12 are the degraded transverse and shear moduli due to ST micro-
damage at the initiation of failure. E110 is the pristine longitudinal moduli. A CB
degradation parameter which relates the degraded shear moduli to the moduli values




12 can be introduced. The failure parameter
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has a minimum value of zero when no CB degradation has occurred, that is no
macroscopic cracks have formed and a continuum can be assumed. A maximum value
of one will on the other hand represent a fully cracked material with no global stiffness













Finally the stress-strain constitutive relationship can be written up in terms of the
CB failure parameters and the stiffness moduli at the initiation of failure. Assump-








E11(1−DfI ) ν12E∗22(1−DmI ) 0
ν12E
∗








It is important to understand that the above equation does not hold for a contin-
uum. The formulation is merely for representation purposes for visualizing the CB
traction separation degradation scheme as well as calculating the stress state to be
passed back to the FE solver.
As a final remark, although the introduction of the characteristic element length
allows for mesh objectivity to be achieved, there exists a maximum element length
for the material model. The physics of the problem makes it clear that a maximum
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Figure 5.4: Schematic for DCZM element.
element length limit needs to be preserved to ensure that no snap-back occurs. Snap-
back is a numerical behavior that occurs when the fracture toughness of the element
is smaller than the internal strain energy of the element at failure initiation. For
the element to be able to satisfy the correct fracture energy dissipation it is forced
to reduce the displacement and therefore a non-physical snap-back occurs. A mesh
objectivity study was done by Pineda and Waas [88] to illustrate this. The critical
element length restrictions can be seen below for the longitudinal direction (fiber



























where the added superscripts of T and C denote tension and compression values,
respectively.
5.3 Inter-laminar Damage and Failure Model
The Discrete Cohesive Zone Method (DCZM) element is utilized for capturing
the inter-laminar failure modes through node to node cohesive traction-separation
laws. The DCZM element is a 8 noded interface element which connects two surfaces
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together through a nodal traction-separation law. A schematic of the element can be
seen in Figure 5.4. The DCZM element can model cohesive layers of zero-thickness
and finite thickness. For illustration purposes the entire formulation of the element
is not presented here, instead the relation between a single nodal pair is presented,
nodal pairs 1 and 5, see Figure 5.4. The formulation of a nodal pair can then easily be
extended to include all 4 nodal pairs for the entire element formulation. The subscript
1-5 will be used to denote the nodal pair from here onwards.
The stiffness matrix of the nodal pair is as follows,
K1−5 =

KI 0 0 −KI 0 0
0 KII 0 0 −KII 0
0 0 KIII 0 0 −KIII
−KI 0 0 KI 0 0
0 −KII 0 0 KII 0
0 0 −KIII 0 0 KIII

(5.67)
Where KI , KII and KIII are the stiffness matrix terms corresponding to mode I,




−F I15 −F II15 −F III15 F I15 F II15 F III15
]T
(5.68)
where the subscript denotes the nodal pair and the superscript denotes the direc-
















The formulation above can be extended to include all 4 nodal connections and
arrive at the DCZM elements contribution to the global stiffness matrix. The final
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Figure 5.5: General trapezoidal cohesive law.
DCZM formulation becomes,
[Kel][uel] = [Fel] (5.70)
Where Kel would now be a 24x24 matrix and uel and Fel would be 24x1 vectors
due to the 8 nodes having 3 degrees of freedom each.
The element calculations are based on relative displacements of the nodal pairs,











where δI , δII and δIII are the relative displacements of a single nodal connection
for mode I, mode II and mode III, respectively. In the derivation to follow, a general
nodal pair relative displacement will be used for demonstration purposes.
The element behavior is governed by a traction-separation (or cohesive) law. The
cohesive law can be chosen as any arbitrary law. The trapezoidal/triangular law,
Figure 5.5, is the most commonly used traction-separation law for toughened polymer
matrix composites. The shape of the cohesive law can be tailored to represent the
material behavior such as plastic deformation prior to strain softening or brittle-
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stable fracture. The DCZM method can capture unloading as is shown in Figure
5.5. Energy dissipated, G, is the energy under the curve as shown in the figure. The
traction separation law for each node is governed by the relative displacement of the
nodal pairs. The trapezoidal/triangular separation law behavior will be demonstrated
here in a general form, non-dependent on the mode of traction.




k∗δ, if δ < δi






, if δc ≤ δ < δf
0, if δ ≥ δf
(5.72)
Where δ is the relative nodal separation. k∗ is the initial penalty stiffness prior to
damage initiation and σC is the cohesive strength. δi is the separation at initiation
of damage, δc is the initiation of failure which results in a traction reduction and
a negative tangent stiffness. δf is the separation at complete failure at which the
traction goes to zero.






where k is the secant stiffness. The critical nodal separations can be calculated

















Where α is the trapezoidal coefficient. For a triangular cohesive law, α is set to





σC(δ − δi), if δi ≤ δ < δc
Gc − 12σ(δ)δf , if δ ≥ δc
(5.77)
The above derivation holds true for mode I, mode II and mode III. Mixed mode










The above calculations are implemented in a user element subroutine for ABAQUS
Explicit (VUEL). At each increment the nodal displacements are given and from them
the relative displacements are calculated from Eq. 5.71. During the first increment
the critical separations are calculated, Eq. 5.74-5.78. With the critical separations
known, the traction can be calculated using Eq. 5.77. Finally the SERR is calculated
with Eq. 5.77. Once the above calculations have been done for mode I, mode II and
mode III at a given nodal pair, the mixed mode criterion is checked, Eq 5.78. If this
is satisfied, all tractions are set equal to zero. Finally the forces can be calculated
from the tractions, where the area associated with each nodal pair is 1/4 of the total
element area. The force vector in Eq. 5.68 is then assembled and the right hand side
(RHS) vector can be updated accordingly and transferred back to the FE solver.
Element size restriction is governed by Irwin’s characteristic fracture length [55].
The element size is recommended to be at least 4 times smaller. Irwin’s characteristic
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where, K is the penalty stiffness, GC is the critical fracture energy, and σC is the
critical cohesive strength, as defined by the cohesive laws. The minimum result for
the three modes (cohesive laws) would determine the element minimum length.
5.4 Conclusion
A FE modeling approach for predicting impact damage in composite laminates
and the following CAI response has been introduced. An impact model using plane
stress elements for modeling of each individual lamina was introduced. The pro-
gressive damage and failure model, EST, for modeling of intra-laminar damage and
failure modes was presented. EST uses ST to capture the matrix moduli (E22 andG12)
degradation due to shear micro cracking. CB is implemented for capturing macro-
scopic failure phenomena such as ply splitting and fiber rupture. CB uses an element
characteristic length for scaling the fracture toughness to achieve mesh objectivity.
Inter-laminar damage and failure (delaminations), are captured by using DCZM
elements. The DCZM elements are discrete nodal traction-separation elements which
allow modeling of zero and finite thickness cohesive layers. The method allows for
any arbitrary cohesive law to be defined. In the study presented in this thesis, a
triangular cohesive law is used. The DCZM element captures delaminations due to
mode I (peel) and mode II/III (shear slipping) effects. A 1st order power law mixed
mode criteria is used for crack growth.
A high fidelity, yet computationally efficient, model for capturing the impact and
CAI response of a composite laminate has been introduced. The model allows for
capturing the full range of damage phenomena experienced by the composite laminate
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when subject to impact and CAI. The model presented in this chapter will be used
in chapter VI for modeling face-on impact and CAI corresponding to experimental
results presented in chapter II. In chapter VII the model is utilized for capturing




Face-on Impact and CAI Finite Element Modeling
& Results
6.1 Introduction
In this chapter the proposed FE model for predicting the face-on impact and
CAI response of FRPC’s is presented. A lamina level model based on shell theory
is introduced. EST coupled with DCZM elements allows for capturing lamina level
damage and failure in the 1-2 plane and interface (or through-the-thickness)damage
and failure, respectively. The goal of the research was to develop a robust and efficient
computational model for predicting impact and CAI on FRPC’s. It was desired that
the model would be applicable to laminates of any arbitrary thickness and stacking
sequences, not being limited to traditional layup angles of 0◦, ±45◦ and 90◦. The
model was initially developed for face-on impact (and CAI) but was later on evaluated
for edge-on impact predictive capabilities as will be shown in Chapter VII.
The model was intended for industry purposes and would therefore need to be
robust (as previously mentioned) as well as keeping the computational time as low
as possible. Many models that have been introduced recently for impact modeling
that utilize 3D elements [11, 29, 70, 111]. Models that use 3D elements can however
be computationally inefficient due the critical element length often being very small
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(limited by the ply thickness as well as element aspect ratios being prone to issues).
Many researchers have overcome the element restrictions by implementing in-plane
cohesive elements for capturing ply splitting. While this method can produce high
quality results that often resemble reality to a high degree, the predictive capability
of the models (and robustness) can be questioned. The implementation of in-plane
cohesive elements is highly mesh sensitive due to ply cracking being limited to certain
areas.
First the impact modeling method will be introduced as well as the consecutive
CAI run and the process of importing the initial CAI damage state. Input proper-
ties required for the model are presented, IM7/8552 material data is provided. The
impact model is then verified against the high fidelity impact results presented in
chapter 2.2. Impact study was conducted on IM7/8552 laminates with a general
[50/40/10] industry stacking sequence. Impacts were conducted at a fixed energy of
25J with three different impact masses. Extensive post-impact damage inspection
was conducted using ultrasound and microCT scanning techniques. The EST and
DCZM material input parameters are given with details of the impact model. The
impact model results are compared to experimental data and is found to show great
agreement for both the impact response as well as the impact damage mechanisms.
Experimental data collected in the BVID study presented in Chapter 2.3 is used
for further validation of the impact model and CAI. The BVID study was conducted
on a different fiber reinforced polymer matrix material system than the above men-
tioned impact experiments. A BVID impact and CAI study was conducted on tra-
ditional layup (TL) specimens to establish the BVID limit of the material system.
Ten different non-traditional layup (NTL) specimens were impacted at the established
BVID limit and the impacted specimens were then subject to CAI. The impact model
showed exceptional agreement with both impact and CAI results for the entire set of
11 laminate layups studied.
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Step 1: Impact
Step 2: Import impact results Step 3: CAI
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(b) FE model details.
Figure 6.1: FE modeling strategy showing steps (a) and model details (b).
6.2 Modeling Strategy
The model utilizes the Enhanced Schapery Theory (EST) material model and Dis-
crete Cohesive Zone Method (DCZM) elements for modeling damage and failure in
the intra-laminar and inter-laminar region, respectively. The two damage and failure
modeling methods, EST and DCZM, have been presented in detail in chapter V. The
model details can be seen in Figure 6.1(b). The impact and CAI events are captured
using the same model for both experimental conditions. First the impact event is pre-
dicted and the impact damage is then used to predict the CAI experimental response,
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Figure 6.1(a). The commercially available FE solver ABAQUS Explicit is used. The
model approach utilizes 8 noded plane stress continuum shell elements with reduced
integration (SC8R element in ABAQUS) for modeling each lamina individually. Con-
tinuum shells provide the benefit of having nodes on the top and bottom surface of
the ply. This allows for capturing the traction separation relation of adjacent surfaces
correctly without having to account for rotational degrees of freedom in the cohesive
element formulation.
The model utilizes a “global-local” modeling technique to reduce computational
cost. The “local” area is referred to as the “impact area” from here onwards. In
the impact area (local model) the layers are connected by DCZM elements as well as
the mesh being refined beyond the CB critical element size limit shown in Chapter
5.2. The full EST damage model is used in the impact area. Away from the impact
area, the mesh is coarse and adjacent surfaces are connected by nodal tie constraints
(*TIE). The CB model is suppressed in this area and therefore the element constraints
are removed, ST is active and therefore any matrix moduli degradation due to micro
damage evolution is captured. The impact area and non-impact area are modeled as
separate continuum shell layers (in the same plane) which are connected by nodal tie
constraints (*TIE), see Figure 6.1(b). This approach allows for a sudden transition
from a refined mesh to a coarse mesh and therefore reduces the computational time.
The face-on impact model presented here has a mesh size of 0.5 mm by 0.5 mm
in the impact area and 1.5 mm by 1.5 mm in other regions. The impact area was
chosen to be sufficiently larger than that of the observed damage footprint of various
low-velocity face-on impact experimental results. Caution should be taken when the
impact area size is chosen. If the impact area is too small so that the impact damage
is close to the boundary or even exceeds the boundary it will cause boundary effects
to occur. The impact area was chosen to be 75 mm long, traveling in the longitudinal
direction of the impact model. This length exceeded the damage extent of the impact
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studies conducted in chapter II. The impact area was extended through out the width
of the specimen in anticipation of the CAI failure modes.
Specimen dimensions are 150 mm by 100 mm, layups and thickness vary. The
rollers are modeled as rigid shell elements. The rollers have a diameter of 12.7 mm
and are positioned 6.35 mm in from the edge of the specimen. Impactor is also
modeled using rigid shell elements with a point mass. A hemispherical impactor with
a diameter of 20 mm and an impact mass of 7.5 kg was used for the IM7/8552 impact
study. An impactor with diameter 25.4 mm and an impact mass of 21.6 kg was used
in the BVID study.
Surface to surface contact is applied between the boundary rollers and the adjacent
surfaces. Contact is also defined between the impactor and the top laminate surface.
Frictional coefficient of 0.3 is used. The simulations were not seen to be sensitive to
the frictional coefficient.
For the second step of the analysis, CAI, to be captured correctly the impact
damage first needs to predicted correctly. The impact damage/failure state is to be
used as the initial state of the CAI model. Further detail on the CAI initial damage
import process is given in chapter 6.2.2. The rollers were imported directly and acted
as the knife supports in the CAI experiments. The location of the roller to laminate
contact is exactly the same as the knife supports in the CAI experiments. The only
difference is that the roller diameter is larger than that of the knife supports. It was
however deemed to be a reasonable assumption to use the roller supports in the CAI
simulation. The bottom and top parts of the rollers do not effect the outcome of the
CAI model. The CAI top and bottom experimental boundary conditions constrain
any out-of-plane motion of 12.7 mm at the top and bottom of the laminate. The
rollers lay well within the 12.7 mm boundary and are therefore not a concern. Once
the impact results are imported over to the compression after impact model, and the
virtual CAI is performed.
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6.2.1 Continuum Shell Properties
The ABAQUS continuum shell element (as well as conventional shell element) is a
displacement based Reissner-Mindlin plate theory element [50] and therefore accounts
for through thickness shear deformations [1]. The transverse shear is linear through
the thickness of the element, however to enable the shear calculations, the elements
require shear correction factors. These values are normally calculated automatically
by the ABAQUS solver, however when user subroutines are used with shell elements
these values need to be defined specifically. The shear correction factors are input
into ABAQUS as transverse shear stiffness values for the element section calculations.
In addition to the shear correction factors, the thickness moduli (E33) and effective
thickness poisson’s ratio need to be defined, νeffective. The effective poisson’s ratio
has no meaning when used in conjunction with the EST subroutine due to ε33 being
calculated internally and not handled by the ABAQUS solver.
The thickness direction strains are calculated using simple stress-strain relations
for a single lamina. While σ33 = τ23 = τ31 = 0 the strain in the thickness direction,
ε33 6= 0, due to membrane stresses being non-zero. Solving for ε33 using the stress-








The sections thickness moduli are estimated in accordance to the ABAQUS user
manual [1]. The user manual recommends the use of twice the in-plane shear moduli,
therefore, the thickness moduli of the shell section becomes;
E33 = 2G12 (6.2)
For isotropic plates the transverse shear correction factor has been shown to be
5/6 [19]. However, for a composite laminate the transverse shear correction factors
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Impact Results CAI Initial State
via. MATLAB script
Figure 6.2: Schematic explaining the EST damage and failure model.
depend on which direction is being considered. For a transversely isotropic material,
such as the case for a single lamina, the transverse shear stiffness become quite simple
and they only depend on two material properties and the thickness of the layer [1].
Since the FE model introduced models each individual lamina as a separate continuum










where 1 is the fiber direction and 2 is the transverse direction in accordance to
the local coordinate system defined for the shell layer. The transverse shear stiffness
is only updated at the pre-processing step of the ABAQUS Explicit solver and can
therefore not be updated during the simulation. This is one of the major drawbacks
of the shell model.
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6.2.2 Compression After Impact Model
For the CAI prediction to be captured correctly the impact damage state needs
to be captured as closely as possible. Once the impact results are at hand it is im-
portant that the damage in the CAI model is identical to that of the impact model.
Previous studies by Olsson et al. [84], has shown that estimations or simplifications
of impact damage areas is not a viable approach for predicting the CAI response of
the laminate. Such artificially seeded damage areas are often represented as circu-
lar/elliptical delaminations or artificial ”holes” in the laminate acting as degraded
material properties due to impact damage. It is therefore required that the complex
and rich damage and failure phenomena observed in the impact experiments, and
captured by the FE impact model, is directly translated over to an FE model for the
CAI response.
The ABAQUS command *Import was used for importing the impacted laminate
over to the CAI model. The *Import is able to import any stress, strain and displace-
ment state of the impact model as well as the user defined state variables from the
user defined material model, EST in this case. The *Import command is however not
able to import any results from user defined elements, DCZM elements in this case.
The need for a separate approach for transferring over the inter-laminar damage state
of the impact specimen was therefore required.
The inter-laminar damage state was imported by directly updating the input file.
The results of the DCZM elements were output and a simple MATLAB script was
written that would read in the DCZM results and then delete “failed” elements from
the CAI input file. Figure 6.2 shows a representative import process. The gray area
refers to no DCZM elements, blue is undamaged, red is fully ‘failed while green is in
between. The import criteria for “failed” elements is that if the mixed mode criterion
is above 0.5, the element is considered sufficiently damaged to be removed form the
CAI simulation. That is, if the following criterion is satisfied, the element will be
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It was found that rarely the elements were found to have initiated damage and
were below a mixed mode failure index of 0.5 and therefore it was found to be an
effective way of importing the damage state to the CAI simulation while keeping the
delamination shapes unaffected.
In the experimental procedure, the CAI specimens are subject to quasi-static
compressive loading. For faster computational times, mass scaling was used in the
explicit FE solver. It was found that the model was reasonably sensitive to the mass
scaling. Too high of a mass scaling can cause unstable behavior and failure at the
initiation of loading. The model rate of loading was set to 2 mm/s and a variable
mass scaling was used so that the stable time increment would not be smaller than
1e−5 − 2.5e−5 for any element. This combination proved to be very stable as well as
the peak load predictions being converged at that stage.
6.2.3 Input Properties and Material Response
The in-plane and cohesive material models were explained in detail in Chapter V.
The intra-laminar material response as modeled in the FE impact and CAI model can
be seen in Figure 6.3. The compressive failure modes are shown here with their char-
acteristic through-the-thickness failure response, however due to a plane stress model
these failure modes are not captured in a physical manner but estimated through
in-plane modes. The compressive matrix failure is modeled using a close to plateau
crush strength (slight downward slope is used) at failure initiation, the reasoning be-
hind this behavior is to capture progressive crushing as well as a way of bypassing
the critical element size constraint introduced by CB. The face-on impact model was
not seen to be sensitive to the matrix compressive failure mode and therefore this
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Figure 6.3: Intra-laminar material behavior as used in the FE model.
was deemed a reasonable assumption. For computational robustness and stability a
residual stiffness is introduced at “full failure” of any mode. The residual strength
was chosen to be lower than 1% for each mode of failure.
Material characterization of both materials used in this thesis was performed in
house, experimentally or by inverse FE methods. The experimental procedures for the
material characterization are described in Appendix C. The lamina elastic properties
can be seen in Table 6.1. The longitudinal direction is referred to as the fiber direction.
The Schapery micro-damage functions can be seen in Figure 6.4. The Schapery
shear micro-damage function, g(s), was gathered from tension experimental data
from [±45◦] tensile specimens. The transverse micro-damage function was estimated
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from inverse analysis of the [±45◦] test. A hexagonally packed representative unit
cell (RUC) micromechanics model is used for inferring the transverse stress-strain
response. The in-situ matrix shear response is first backed out from the [±45◦] tests
using the concentric cylinder model (CCM) [77]. Plasticity theory is then used for
calculating the equivalent stress-strain response of the matrix. Using the acquired
matrix shear stress - shear strain response in the RUC micromechanics model will
provide the transverse stress-strain response of the lamina. The downside of the
approach is that the direction of loading is irrelevant and therefore the function in
compression is assumed to be the same as in tension. The transverse micro-damage
functions in tension and compression (separate functions) have been measured for the
material system used in the BVID study using the approach presented by Schapery
and Sicking [106, 112], and further details are shown in Appendix C.
Lamina fracture properties can be seen in Table 6.2. The fiber compressive failure
strain was estimated using Considere’s Construction [22], and the resultant failure
strain was found to be 1.31% using a fiber misalignment angle of 1.2◦. The value
was later found to be quite high and better agreement with experimental results was
achieved by using the experimentally measured fiber compressive strain of 0.97% as
reported by Soutis et al. [67]. Effects of the compressive fiber failure strain value
will be described later in the chapter. Fiber fracture toughness value in tension was
backed out from inverse analysis of Single Edge Notched Tension (SENT) experiments
modeled using EST. This value has proven to provide good agreement for multiple
loading scenarios. The fiber fracture toughness in compression is however estimated
from the tensile value and should therefore be used with care. The value in Table
6.2 was kept empty here since the material behavior post-peak was not driven by
fracture energy. The transverse stress (σ22) in the wake of compressive failure is kept
at a constant plateau value in the case of progressive crushing behavior.
Inter-laminar fracture properties were measured at various rates using ASTM stan-
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Table 6.1: IM7/8552 elastic lamina properties.
Fiber Direction Modulus (E11) 154,460 MPa
Transverse Direction Modulus (E22) 7,200 MPa
Shear Modulus (G12) 4,870 MPa
Poisson’s Ratio (ν12) 0.340
Density (ρ) 1.5e−9 tonne/mm3
Table 6.2: IM7/8552 lamina fracture properties.
Fiber Tensile Failure Strain (XT11) 1.47%
Fiber Compression Failure Strain (XC11) 1.31% (0.97%
1)
Transverse Tensile Failure Strain (Y T22) 0.8%
Transverse Compression Failure Strain (Y C22) 4.62%
Shear Failure Strain (S12) 2.27%
Fiber Fracture Toughness in Tension (GTf ) 40 N/mm
Fiber Fracture Toughness in Compression (GCf ) 10 N/mm
Transverse Fracture Toughness in Tension (GTm) 0.384 N/mm
Transverse Fracture Toughness in Compression (GCm) - N/mm
Shear Fracture Toughness (GmIIC) 1.335 N/mm
dards for Mode I and Mode II fracture toughness calculations, ASTM D5528 [116]
and D7905 [118], respectively. The intra-laminar matrix fracture properties were as-
sumed to be the same as the inter-laminar fracture properties due to experimental
methods being unavailable for accurately measuring the intra-laminar fracture tough-
ness. The cohesive strengths were gathered from peel off tests for Mode I, and single
lap joint (SLJ) tests which were then used for backing out the cohesive strengths
through inverse analysis. The penalty stiffness was chosen to be significantly higher
than that of the transverse modulus of the material. While an infinitely large penalty
stiffness would be desired, it is not possible to be used with a computational scheme.
The stable time increment would approach zero for very large values. Therefore, a
relatively high value, compared to the matrix material virgin stiffness was chosen. A
value of 20,000 MPa/mm was used.
1Experimental value from Soutis et al. [67]
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Table 6.3: IM7/8552 interlaminar fracture and cohesive law properties.
Cohesive Penalty Stiffness (k) 20,000 MPa/mm
Mode I Cohesive Strength (σC) 55 MPa
Mode II Cohesive Strength (τC) 72 MPa
Mode I Fracture Toughness (GIC) 0.384 N/mm
Mode II Fracture Toughness (GIIC) 1.335 N/mm


































𝑒 𝑠 = 1 − 1.32𝑒−1𝑠 − 5.71𝑒−1𝑠2 + 3.29𝑒−1𝑠3 − 6.94𝑒−2𝑠4 
𝑔 𝑠 = 1 − 7.36𝑒−1𝑠 − 2.70𝑒−3𝑠2 + 4.76𝑒−5𝑠3 + 1.28𝑒−7𝑠4 − 3.56𝑒−9𝑠5 
Figure 6.4: IM7/8552 Schapery Micro-damage curves
6.2.4 Computational Information
Computations were performed on an HPC cluster. The details of the computations
can be seen in Table 6.4. The computational nodes used had 16 CPUS and a ram of
64gb. Parallel processing was used for both the face-on impact and CAI computations.
Mass scaling was used in the CAI case, since it is a quasi-static loading rate, it was
ensured that kinetic energies were negligible during the simulation. The CAI runs
were limited to 8 nodes per job due to the *Import command in Abaqus requiring
a large amount of ram for the pre-processing. It was therefore found that 8 CPU’s
were the maximum possible with the 64gb of memory that was available to the node,
meaning that the pre-processing required at least 8GB of memory per CPU (it is
believed that the pre-processing occurs on 1 CPU only, and therefore that is the
limiting factor).
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Table 6.4: Computational details for the face-on impact and CAI model.
Number of Elements 1,243,507 ≈1,235,023
Number of DoF 4,087,383 ≈4,083,906
Total step time (s) 0.0085 1
Stable time increment (s) 4e−8 ≈2.4e−6
Mass scaling used (Y/N) No Yes
Number of CPUS 48 8
Total run time (Hours) 15 53
6.3 High Fidelity Impact Modeling Results
The predicted impact response for the experimental results presented in Chapter
2.2 can be seen in Figure 6.5. The experimental results have been plotted as the
maximum and minimum bound (gray area bounded by solid black lines) and an
average impact response (dotted black line). It can be seen that the pre-peak response
is captured quite accurately when examined with respect to both the load vs. time
and load vs. displacement experimental response. The post-peak response deviates
from the experimental results. As previously mentioned, in the experiments the
load goes to zero when the rebounding impactor is still ≈ 2.6mm away from the
initial contact position (zero point on the plot) while the back surface of the laminate
relaxes to a permanent deformation of ≈ 0.37mm. Comparing the back surface
displacements of the model to experimental findings, Figure 6.6, reveals that the pre-
peak displacements are slightly over predicted yet showing a reasonable agreement.
The post-peak displacements however do not match up time-wise and it can be seen
that the overall rebound of the FE model is slower than the experimental results.
Furthermore, by plotting the impactor and maximum back surface displacements
from the experiments and model, more detail was revealed, Figure 6.7(a). The trends
between impactor and back surface displacements seem to be similar between the
model and experiments. The displacement is however over predicted for both cases.
The plot furthermore shows that the predicted impactor displacements beyond 7ms
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(a) Load vs. time comparison.
























(b) Load vs. displacement comparison.
Figure 6.5: Impact model predicted impact response.
are not too far off from the experiments. Therefore the slower rebound respond of the
model can be assumed to be from a material behavior that is incorrectly captured.
This could be caused by multiple factors, and most likely a combination of friction be-
tween delaminated interfaces or between impactor and indentation crater (which was
not seen to be sensitive in the shell model but possibly in a 3D model where through-
the-thickness behavior is captured more accurately), crack debris, or non-conforming
crack surfaces. Figure 6.7(b) shows the impactor kinetic energy comparison. The
same trend can be seen as from previous results. Good agreement is achieved in the
pre-peak regime. The impactor kinetic energy is brought to a halt correctly but the
rebound over shoots resulting in roughly 75% increased kinetic energy at rebound.
The problem can be simplified by thinking of it as a simple mass and spring
problem, Figure 6.8 where the spring can show a degradation in stiffness as well
as permanent deformation due to the impact from the mass. When the spring now
rebounds, it only rebounds a portion of the distance as well as the stiffness being lower.
This results in the strain energy released dissipated from the spring to the rebounded
mass being much smaller than it would be without the stiffness degradation and
permanent deformation. As an effect, the mass rebound will be slower and shorter
due to the reduced kinetic energy.
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(a) Impact event, loading





































𝐸𝑥𝑝: 7.2𝑚𝑠 & 𝐹𝐸: 8.2 𝑚𝑠 
(b) Rebound event, unloading
Figure 6.6: Out-of-plane displacements of the back surface of the laminate, experi-
ments compared to FE results.




































Exp. Back Surface Disp.
FE Back Surface Disp.
(a) Impact and maximum back surface dis-
placement vs. time
























(b) Impactor energy vs. time
Figure 6.7: Further comparison of experimental and FE model results.
Impact 
mass 𝑣0 
𝑘 Impact mass 




𝑣1 < 𝑣0  
𝑘∗ 
𝐿 
𝐿 − ∆ 
𝑘∗ = 𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝑠𝑝𝑟𝑖𝑛𝑔 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 
𝐿 − 𝐿∗ = 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 
𝐿∗ 
𝑎) 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑏) 𝑖𝑚𝑝𝑎𝑐𝑡 𝑝𝑒𝑎𝑘 𝑐) 𝑟𝑒𝑏𝑜𝑢𝑛𝑑𝑒𝑑 























𝐶 = 1.31% 𝑋11













































Figure 6.9: Comparison of ultrasound scan footprints to FE predicted footprints for
fiber, matrix and delamination failure. Experimental footprint outlines is
presented as yellow boundaries on top of the FE results.
The damage footprint for each of the predicted failure modes can be seen in Figure
6.9. The figure shows the fiber, matrix and delamination failure footprints for the
initial and reduced XC11 value. The ultrasound scan results from the experiments are
shown on the left side for reference as well as the boundaries being over lapped on
top of the FE model results for better comparisons. An overall good agreement was
seen between the ultrasound results and the model. The FE baseline case fiber and
delamination failure is within the experimental bounds. The fiber kinking in the top
layers, which was observed in microCT scans, was achieved in the reduced XC11 case





No Damage Fully Failed 
Figure 6.10: Comparison of microCT scans to FE model results.
150
while showing a fairly similar behavior to test 3. The specimen from test 3 was the
one used for microCT scanning.
The matrix failure footprint is bounded by the back surface splitting. When
compared to the ultrasound scan results, the model seems to over-predict the damage
quite drastically. However, when compared to the microCT results it can be seen to
be quite on par with the back surface splits of the impacted specimens, Figure 6.10.
The damage contours for each interface and the adjacent plies has been gathered
in Figure 6.10 for comparison to the microCT data collected from the impacted spec-
imen. The results from the microCT were best shown as the damage at an interface
and the adjacent plies. This method is good for showing the estimated damage size
and shapes. However, due to the method, some of the damage in either the top or
bottom ply of the interface may be lost or be faint. When the entire set of interfaces
is viewed, the results are quite good. More detailed microCT slices can be seen in
Appendix B. The damage contours for the interfaces were collected from the model
and assembled in a similar manner to the microCT images. Matrix failure is shown
in green, delamination is represented by black color, and fiber failure is represented
by red. Matrix failure is plotted first, the delamination failure is then plotted on
top with a 25% transparency so not to overshadow the matrix failure areas. Fiber
failure is then plotted last due to the significance of it as well as it having the smallest
footprint.
An excellent agreement is seen between the microCT results and the FE model
failure patterns, size and locations. The predicted delamination sizes are on par with
the experiments as well as the delamination patterns. Delamination jumping between
interfaces, bounded by in-plane splits, can be seen in interfaces 4 and 5 as well as other
ones. When the fiber failure between the experiments and the model is examined it
can be seen that a good agreement is achieved. Using the reduced compressive fiber
failure strain, the top layer kinking was captured. The 4th ply, 90◦, shows kink
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failure that is accurately captured by the FE model (at a different location, as can be
expected when comparing a perfect structure to a real structure with imperfections).
The resulting kink in the 4th ply causes ply splitting in the adjacent layers as well as
fiber kinking in the second ply, 45◦. The 45◦ ply shows a zig-zag failure where fiber
and ply splits take turns resulting in a crack orientated along the 0◦ direction. The
model captures the fiber failure in the 45◦ ply, initiation is good but then it steers
away from the 0◦ direction.
The model predicts fiber failure of different magnitudes in most plies. This seems
to agree well with the experimental results where fiber failure can be seen in many
plies when examined carefully, for example interface 11-13 show signs of fiber failure
in the 45◦ plies. Closer to the bottom of the laminate in interfaces 14-18, extensive
fiber failure can be seen. This failure is captured to a quite fine detail by the model.
The straight fiber crack visible in the bottom 90◦ ply is represented in the model as
well as the crack in the bottom most 45◦ layer having an oddly shaped fiber failure
path which is captured to some extent by the model.
6.4 BVID Impact and CAI Modeling Results
6.4.1 BVID Impact Model Results
The predicted impact results for the BVID study on the TL specimens as well
as the NTL specimens impacts can be seen in Figure 6.11. Figure 6.11(a) shows the
load-time history predictions compared to the experimental results previously shown
in Chapter 2.3.1. The load-time histories have been offset for better visualization
The offset is 9ms for each impact curve above the 50% BVID limit impact. The
impact model was successful at predicting the load-time history for multiple different
impact energies. Furthermore, the model predicted the halted peak load growth that
was seen in the 112.5% BVID impact energy case. The impact model was capable of
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(a) Load vs. time comparison




















































Experimental Peak Loads FE Predictions
(c) Peak load comparisons for TL and NTL
Figure 6.11: Impact response results for the BVID impact study on the TL specimens
(a) and (b). TL vs. NTL load comparisons (c). Typical back surface
deflection for a BVID impact (d)
predicting the impact peak loads for each of the impact cases with great accuracy as
can be seen in Figure 6.11(b).
The model results for the NTL impacts at the BVID impact limit are shown in
Figure 6.11(c). An overall good agreement was seen between experimental and model
results for the NTL impact cases. Roughly half of the impact peak loads are within
the experimental bounds while the rest are not far off. It is worth noting that the
exact same impact model was used, apart from some laminates being thinner by 1-2
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(a) BVID Impact event, loading




































(b) BVID Rebound event, unloading
Figure 6.12: Out-of-plane displacements of the back surface of the TL laminate sub-
ject to BVID impact. Experiments compared to FE results.
plies. No mesh alignment was used for the non-traditional ply angles.
The predicted out-of-plane deflection of the back surface can be seen in Figure
6.12. The plots show the displacement of a section traveling through the impact
center along the longitudinal direction of the specimen, similar to previously reported
results. The model shows overall great agreement with experimental results. While
the localized deformation is not captured, the sharp gradient of the shape is. Once the
damage, which causes the localized deformation dimple, seen beyond the 2.1ms curve
sets in, the model starts over predicting the displacement at −20mm to 20mm from
the impact center while either matching or slightly under-predicting the maximum
deformation.
Damage/failure footprints for the BVID impacts can be seen in Figure 6.13. The
figure shows the extent of in-plane fiber and matrix damage and failure as well as
the delamination extent for the 50%− 112.5% BVID impact predictions. The extent
of impact damage can be seen growing steadily with increased impact energy. Fiber
failure in the top three layers (45◦/90◦/−45◦) is seen to increase drastically beyond
the BVID limit. The same can be said for matrix failure. Fiber failure now propagates





No Damage Fully Failed 
Figure 6.13: Impact damage footprints for the BVID impact study predictions. Foot-
prints for fiber failure, matrix failure and delamination are shown.
of behavior was not observed in the experiments. Delaminations are growing in a
similar manner. It is also notable that the 75% BVID case does not show any fiber
failure at the top surfaces while the other energy cases do.
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(a) BVID impact load curve in detail
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𝑡 = 3.4𝑚𝑠 𝑡 = 4.25𝑚𝑠 𝑡 = 7.65𝑚𝑠 
(b) Damage footprint growth during im-
pact
𝑎 𝑡 = 0.85𝑚𝑠 
𝑏 𝑡 = 1.7𝑚𝑠 
𝑐 𝑡 = 2.55𝑚𝑠 
𝑑 𝑡 = 3.4𝑚𝑠 
𝑒 𝑡 = 4.25𝑚𝑠 
𝑓 𝑡 = 5.1𝑚𝑠 
𝑔 𝑡 = 5.95𝑚𝑠 
𝑕 𝑡 = 6.80𝑚𝑠 





1 75 mm 
𝐼𝑚𝑝𝑎𝑐𝑡𝑜𝑟 
(c) Damage growth shown for a 1-3 plane section through the impact
center
Figure 6.14: BVID impact model damage growth shown in detail, matrix failure is
used as a reference of damage extent. Load curve with time intervals
shown in (a), damage footprints in (b) and 1-3 section view of damage
in (c).
Figure 6.14 shows the progressive damage and failure during the impact event.
The figure shows the impact at the BVID limit. Time intervals have been marked
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on the load-time history in Figure 6.14(a). Time intervals range from (a)-(i) with
each time jump being 0.85ms. Figure 6.14(b) shows the overall damage footprint at
time intervals (a)-(e) and (i). The damage extent grows steadily until the peak load.
At point (e), beyond the peak load, the extent of damage seems to have reached its
final failed state. While some elements in the bottom most plies have yet to reach
full failure, they do so during the rebound event. This effect is most likely caused
by a combination of the element being close to full failure as well as dynamic effects.
Finally in Figure 6.14(c) a section view is shown. A section in the 1-3 plane traveling
through the impact center is shown at intervals (a)-(i). At the initiation of impact,
(a), damage in the upper plies can be seen as well as initiation of matrix damage in
the bottom two plies. As the impact event goes on, the fiber kink in the top plies can
be seen initiating (b), and propagating in the following frames. Back surface damage
initiates early on (a) and propagates to a maximum at (e), further energy dissipation
is then seen until (g). Mid-plane damage seems to initiate early but propagation
seems to be slower than that of the top and bottom plies.
As a final comparison of the predicted damage extent and failure modes, the
results are compared to the experimental microCT scan results similar as in the
previous chapter, Figure 6.15. The model results have been assembled to show the
model results in a similar fashion as the visualization of the microCT results. That
means that each interface and the adjacent plies are shown in a single image. Each
failure mode is represented with a different color scale. Delamination is marked by
white to black, fiber failure by white to red. Matrix failure is represented by two
colors, one for the top ply and another for the bottom ply at each interface. The
top ply matrix failure is shown in green and the bottom ply with yellow. The model
shows great agreement with the experimental results. The top most plies accurately
capture the fiber kinking in the second layer, 90◦ ply, which then results in zig-zag




Matrix Damage Top Ply 
Matrix Damage Bot Ply 
No Damage Fully Failed 
Figure 6.15: Comparison of microCT scans to FE model results for the BVID impact.
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A few clear ply splits are seen in the experiment in interfaces 4-13. These ply splits
are not “directly” seen in the model but instead a circular matrix failure area is ob-
served in each ply as well as delamination in each interface. This circular area is fairly
similar in size to the circles that were observed in the experiments, as was previously
mentioned in Chapter 2.3.1. In the fractography results, Figure 2.14, through-the-
thickness matrix cracks with varying sizes can be seen traveling the entire thickness
of the specimen. These shear matrix cracks will end up resulting in delamination ini-
tiation and in some cases growth. It is therefore concluded that the impact model is
capturing these through-the-thickness shear matrix crack formations in the 1-2 plane
as mode I and mode II cracks, as well as delaminations. Although the cracks are
not captured in a discrete manner since, as previously mentioned, the computational
model uses a ”smeared” method and therefore the cracks get smeared over the entire
circular area.
As the bottom most plies are reached, the failure mode transitions from through-
the-thickness shear modes of failure to a more tensile dominated matrix failure. Now
the model can be seen predicting the ply splits to some extent. The model is seen
to capture the characteristic crack spacing to some extent. This spacing can be seen
both in the microCT scan as well as the microscopic image in Figure 2.14. The
crack spacing dimensions should be taken with a grain of salt since results of such
are typically very mesh dependent. The splitting on the back surface of the laminate,
shown in the last interface, shows good agreement with experimental results.
The effect of elevated rate inter-laminar properties did not have a big impact on
the results. By increasing the GIIC value by up to 40%, the maximum increase shown
in Chapter IV, the load-time history and damage footprints were almost identical.
The mode I fracture toughness does not have a large effect on the model results and
therefore the more drastic drop in GIC did not have a big impact. It is possible that
an impact event at a higher energy would show some significant difference, however
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(b) CAI peak load comparisons for TL and NTL
Figure 6.16: CAI model results compared to experimental data.
the BVID impacts studied here showed limited delaminations in the testing and are
therefore not the best candidate for a study of that sort.
6.4.2 BVID CAI Model Results
The CAI experiments presented in Chapter 2.3.2 were modeled using the impact
model presented in the previous section. The impact results were imported over to
the CAI model as an initial material state using the method described in Chapter
6.2.2. The model showed a very good predictive capability for the CAI event. The TL
predictions deviated more from the experimental results, in general, than the NTL
predictions. The overall CAI model results are compared to experimental results in
Figure 6.16. The BVID study impact cases in Figure 6.16(a) are plotted as a function
of the impact energy. The CAI FE model seems to follow the same downwards trend
as the experiments do, however the strength reduction is generally greater. While the
CAI of the 25% BVID specimens did not show a significant drop in CSAI, maximum
reduction of 8%, the model predicted a drop of 22%. The 75% BVID case agreed well
with experimental data which had a large scatter and is therefore more forgiving for
predictive purposes. The CAI at the BVID limit was under predicted by 12%, when














Figure 6.17: CAI load-displacement curves.
The 112.5% case prediction matches the lower experimental bound.
CAI predictions for the NTL specimens are presented in Figure 6.16(b). As pre-
viously mentioned, the NTL predictions were in general better than the BVID study
CAI predictions as well as the experimental results, showing less variance. One po-
tential reason for the difference in results is that the NTL specimens are in general
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more shear dominated due to their layup having more off-axis angles as well as a more
dispersed distribution (in most cases). This is also reflected in the lower compressive
strengths of the laminates when compared to the TL case. For NTL cases 1-6, the
error was seen to range from 0.8% − 7.2% with respect to the experimental average
loads. In some cases it was within the experimental bounds but in others it was out-
side. The NTL 7-9 cases showed a similar behavior as the TL predictions, showing a
error of 12.5%− 14.4%, which is still a very reasonable result.
The load-displacement response for a few chosen cases can be seen in Figure 6.17.
The entire set of CAI responses can be seen in Appendix D. The cases were not
chosen on a basis of best results but instead for showing different CAI responses
and predictions that were seen. From the curves it can be seen that while the TL
laminate showed high non-linear behavior prior to failure, the FE model captured
this non-linearity up until a pre-mature failure. The FE model stiffness agreed well
with experimental results. A stiffening effect was observed in the 75% BVID case
which was not seen in those particular experiments. A few of the NTL cases showed
a non-linear pre-peak behavior while the rest showed a fairly linear response up until
failure.
Furthermore, the CAI results can be seen in detail for the BVID impacted case
in Figure 6.18. The load-displacement response has been shown again, now with six
specific markings of interest. The first point is at the initiation of loading. The last 3
points are at the loading stages of most interest, point (d) prior to a drastic drop in
stiffness and (e) is prior to the final load drop. Point (f) finally shows the predicted
failure state of the laminate. Figure 6.18(b) and 6.18(c) show the matrix and fiber
failure footprints and a section showing the out-of-plane response during loading,
respectively. Color definitions are shown in Figure 6.18(c). It can be seen from all
three perspectives that minimal damage growth occurs until point (d). Fiber direction
failure initiates early in the top most plies, due to their out-of-plane deformation as
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well as full matrix failure. At point (e), failure growth is observed, fiber failure
traveling outwards from the center can bee seen. Also noticeable is the buckling of
the structure which causes the non-linear response in the load-displacement response.
Final failure, as shown in (f), is very representative of what is seen in CAI experiments
and was reported in Chapter 2.3.2.
6.5 Conclusion
A robust and efficient computational model for predicting the impact and CAI
response of FRPC laminates has been introduced. The model utilizes the EST ma-
terial model and DCZM elements for capturing the intra-lamina failure modes and
inter-laminar failure modes, respectively. Modeling techniques using ”local-global”
methods for reducing the computational cost without loosing the required fidelity of
the models. The required section input properties for the continuum shell elements
was introduced, such as the thickness modulus and transverse shear stiffness values.
The predicted impact state of the laminate was used as an initial state for the CAI
prediction. Thus, the model simulates the impact and CAI experimental procedure
virtually. The model was compared against experimental impact data for various
impact parameters (mass, energy, velocity, impactor size) as well as two different
material systems.
The impact model results were in overall great agreement with experimental data.
The model utilized the same non-fiber aligned mesh for capturing the response of mul-
tiple different layups including ones with non-traditional ply angles. Pre-peak load-
time and load-displacement histories were in excellent agreement with experimental
data. The post-peak, impactor rebound, response varied from the experimental data.
The effect of this is not very clear and would require further study. Impact damage
footprints compared very well with experimental data when compared to ultrasound
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(c) Out-of-plane deformation of a section during loading.
Section shows matrix failure.
Figure 6.18: BVID CAI model results details.
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ment for both size, shapes and locations of failure. Elevated rate inter-laminar values
proved to not have an effect on the model results, since minor delaminations were
seen prior to accounting for rate-effects.
CAI predictions were achieved by using the predicted impacted state of the lam-
inate and subjecting it to compressive loading, with the appropriate experimental
boundary conditions. Some variance was found between layups. The predicted CSAI
was within 7.2% in some cases while others ranged up to 14.4%. Stiffness was captured
correctly, the experimental cases that showed a non-linear response were predicted to
some extent but improvements and further understanding would be required.
The impact and CAI model has been shown to be successful at predicting the
response and damage due to face-on impact and the CSAI of FRPC laminated com-
posites. Future work on improving the model would include capturing the impact
rebound correctly by improvements to the compressive residual strengths, permanent
deformation due to in-plane failure as well as friction between delaminated surfaces
due to debris or powder residue.
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CHAPTER VII
Edge-on Impact and CAI Finite Element Modeling
& Results
7.1 Introduction
In this chapter, the FE model that was used for face-on impact is utilized for
predicting the edge-on impact and CAI response of FRPC laminates. The model
is a lamina level shell theory model. EST coupled with DCZM elements allows for
capturing lamina level damage and failure in the 1-2 plane and interface (or through-
the-thickness) damage and failure, respectively. The model is applicable to laminates
of any arbitrary thickness and stacking sequence, not being limited to traditional
layup angles of 0◦, ±45◦ and 90◦. The model was initially developed for face-on
impact (and CAI) but was later evaluated for edge-on impact predictive capabilities
as will be shown in here.
Edge-on impacts are very localized events inducing a combination of delamination
and progressive crushing, see Chapter III. Limited numerical modeling of edge-on
impacts on FRPC’s has been reported in literature even though the edge-on impact
is a problem of high interest to industry. It is therefore quite important that edge-on
impact modeling is brought into the spotlight and that it gets more attention from
academic related research. The author believes that the coupon-level edge-on impact
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experimental procedure is beneficial for evaluation of edge-on impact models due to
the low manufacturing cost of material coupons (when compared to stiffened panels).
Malhotra et al. [72] used a crude, fully elastic model as a starting point to un-
derstand the edge-on impact behavior for glass fiber composites. Ji et al. [57],
demonstrated the use of a single shell EST model for capturing the edge-on impact
response of a CFRP. The model showed reasonable agreement with experimental re-
sults. However, the model was not capable of capturing inter-laminar failure. The
model was only verified against low impact energies where delamination was lim-
ited. Recently the face-on impact model by Bouvet et al. [11, 13, 47, 101] has been
extended to include edge-on impact modeling and the subsequent CAI [85]. Some
modifications were made for the model to capture the progressive crushing. Expan-
sion due to swelling was also introduced. The model showed fairly good agreement
with experimental results.
In this chapter, the coupon-level edge-on impact problem and CAI will be studied
using the same, continuum shell FE model as was introduced for face-on-impact and
CAI. The more generic information of the model is described in Chapter VI. Edge-on
impact and CAI experimental data presented in Chapter III are used for validation
of the model. The edge-on impacts are predicted for the E1, E3 and E5 energy level
cases and the subsequent CAI responses. The predictions of the impact event and
CAI shows great agreement for the lower energy levels, E1 and E3. The E5 energy
level was seen to show good agreement with overall damage extent while the impact
response was over predicted and the CSAI under predicted for this case.
7.2 Edge-on Impact and CAI Model
The edge-on impact model is constructed in a similar manner to the face-on impact
model presented in Chapter VI. EST material model is used for capturing intra-
laminar damage and failure. DCZM elements are used for capturing the inter-laminar
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NOTE: Change CAI pic to failed pic later on 
(a) Virtual edge-on impact and CAI steps.
Non-Impact area: 
- Coarse mesh 
- ST 
- *Tie 
Impact area:  
- Fine mesh 
- EST  
- DCZM 
Impactor: 
- Rigid body 
- Point Mass 
- Initial velocity 
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(b) Edge-on impact FE model details.
Figure 7.1: Edge-on impact FE modeling strategy showing steps (a) and model details
(b).
failure modes. The “global-local” modeling technique is also utilized in the edge-on
impact model. The impact affected area is much smaller than in the face-on impact
case. This is due to the impact damage extent as well as the CAI effective specimen
size being much smaller. Therefore, in the CAI simulation, only the impact area is
imported from the impact results, Figure 7.1(a). The impact area dimensions are 50
mm by 25 mm, Figure 7.1(b).
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As in the previous model, the impact area layers are modeled using EST and are
connected by DCZM elements. The mesh is refined beyond the CB critical element
size limit, Chapter 5.2. An element size of 0.2 mm by 0.2 mm was used in the impact
area. Away from the impact area a mesh size of 1.5 mm by 1.5 mm is used and in
this region the material model is limited to pre-peak damage only using ST. The shell
layers are tied using nodal tie constraints (*TIE).
The specimen dimensions presented in Chapter III are 150 mm by 100 mm. Fur-
ther study had shown that a reduction of the specimen width by half, down to 50
mm, did not effect the impact response or damage due to how localized the event is.
Therefore for saving computational time the impact model was reduced using dimen-
sions of 150 mm by 50 mm. The boundary conditions are seeded on the laminates
surface nodes. Out-of-plane displacement is constrained due to the channel as well as
L-brackets. The bottom of the laminate is constrained in the y motion. The details of
the boundary conditions are shown in Figure 7.1(b). The impactor is modeled using
rigid shell elements with a point mass. The impactor is cylindrical with a diameter
of 12.7 mm and a mass of 25.13 kg. Surface to surface contact is applied between the
impactor and the impact layers, both external and “internal” surfaces. This will allow
for friction between the impactor and the delaminated surfaces. Friction coefficient
of 0.3 is used for the contact. The edge-on impact simulations were seen to be highly
sensitive to the frictional coefficient, as will be discussed later on in the chapter. The
residual stiffness in the EST material model was set to 10% of the pristine values.
The continuum shell properties were defined in the same manner as for the face-
on impact, Chapter 6.2.1. Importing of the impact damage state for use in the CAI
simulation was done in a similar manner as before, Chapter 6.2.2, while there was less
data to import in this case. Mass scaling was once again used for the CAI analysis
to decrease the computational time. Similar values were used, stable time increment
ranged from 1e−5 − 2.5e−5 for any element. Material input properties were also the
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(a) Overall FE vs. experimental comparison








(d) E5 FE prediction vs. experiments with damage interval mark-
ings




(e) Section showing vertical and horizontal matrix failure evolution for the E5 impact
Figure 7.2: Edge-on impact predictions shown together in (a). E1, E3 and E5 shown
separately with multiple experimental impact replicates in (b), (c) and
(d), respectively. Matrix failure evolution for E5 is shown in (d).
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same as in the face-on impact model, with minor changes to the mode I cohesive law
being made. The mode I cohesive law was chosen to be trapezoidal, with α = 0.8,
as described in Chapter 5.3. This change was in par with the experimental results
seen in the mode I inter-laminar testing presented in Chapter IV. Where the mode
I response was seen to show effects of the process zone length (as well as the fiber
bridging). It was found that to be able to achieve the correct progressive crushing
(plateau load) response of the impact experiments, a trapezoidal law was required for
a more progressive energy dissipation. The matrix direction compressive failure mode
used was the same, a plateau behavior once initiated to simulate continuous crushing.
In the case of the edge-on impact this failure mode becomes much more common and
would therefore need to be investigated further. Finally, the laminate being studied
does only contain two plies with fibers aligned parallel to the impact direction as well
as them being on the outside. In the case of there being more of them and in the
center of the laminate the response and failure mode will become more dominated
by progressive kinking underneath the impactor. In such cases, improvements to the
fiber direction compressive failure modes would be essential.
7.3 Impact Model Results
The predicted edge-on impact load-time histories are compared to the experimen-
tal data in Figure 7.2. A comparison between the different impact energies is shown
in Figure 7.2(a). A trend in the model results can be seen. As the impact energy is
increased the transition from the peak load to the crush load is more on par with the
experiments. The rebound trend is also captured more accurately for the low energy
impacts while the E3 and E5 impact energies have a slower impactor rebound. This
behavior is the same as seen in the face-on impact results, yet the effect is greater
here due to the more localized failure event causing greater permanent deformation.
Figure 7.2(b), 7.2(c) and 7.2(c) show the predicted impact responses for energies
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(b) Full field predicted impact damage
extent for E1, E3 and E5 impact ener-
gies. C-scan results shown in dotted red.
Figure 7.3: Comparison of model impact damage/failure extent and experimental re-
sults.
E1, E3 and E5, respectively, along with the scatter in experimental data. From
these results we can see that the load is over predicted for the E1 case while the
impact rebound is captured correctly. The impact did not show much failure, both for
experiments and prediction, therefore the impact rebound is captured correctly due to
the mildly degraded structure. The E3 impacts are already captured more accurately,
however the peak load seems to still linger before the crush-load is achieved. Rebound
response of the E3 has started to trail off but is quite reasonable. The E5 case shows
the best pre-rebound behavior out of the three cases. The peak load drops quite
quickly to the crush load. The rebound time is slightly over estimated and the
rebound is much slower than the experiments show. Figure 7.2(d) show the evolution
of impact damage extent (here shown as intra- matrix failure) during the E5 impact.
The time intervals A−G are marked on Figure 7.2(c) for reference. The figures show
a section cut through the center of impact, therefore allowing the depth direction
extent to be seen as well. The impactor has been removed in stages B−G for better
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𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 𝑃𝑒𝑎𝑘 𝐿𝑜𝑎𝑑
(a) Load-displacement comparison for FE prediction and representa-
tive experimental curves
𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 𝑃𝑒𝑎𝑘 𝐿𝑜𝑎𝑑
(b) Overall peak load comparisons
Figure 7.4: Comparison of model load-displacement and peak loads with experimental
results.
visualization of the horizontal extent. The evolution of damage between the three
impact energies are very similar, being only dictated by the total crush distance of
the impactor and therefore the E5 case was shown here.
Overall impact damage extent is predicted with a fairly good agreement, Figure 7.3
with experimental results. The vertical extent of damage was over predicted slightly
for all impact energies. The horizontal damage extent showed good agreement for
the E1 and E5 case and slight deviation for the E3 case. When the predicted impact
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damage shape is compared to the experimental C-scan results, Figure 7.3(b), good
agreement is seen.
7.4 CAI Results
With the impact model predicting the impact damage extent with a reasonable
agreement the CAI predictions can be achieved. The load-displacement response can
be seen in Figure 7.4(a). The peak CAI peak loads for different impact energies can be
seen in Figure 7.4(b). An outstanding agreement was seen for the CAI mode results.
Model stiffness was in excellent agreement with the experimental curves (past the
initial compliance of the experimental curves). CAI peak loads were within 10% of
the experimental average values of low energies. The E5 case shows a lower value
than the experimental results.
The failure progression during loading can be seen in Figure 7.5. The E3 impact
case is used here for a reference. Figure 7.5(a) shows the load response with intervals
marked from A − F . In Figures 7.5(b) and 7.5(c) the matrix/fiber failure and the
laminate global response is shown, respectively. From the failure contours it is ob-
served that very little failure occurs prior to the load drop, where a rapid growth of
fiber and matrix failure traveling towards the non-impacted side of the specimen can
be seen. When the deformation of the structure is looked at, Figure 7.5(c), it can be
seen that at the peak load, point C, the specimen buckles to one side. When looked
at further it was observed that delamination growth was occurring while no further
in-plane failure was seen.
This would lead to the belief that the CAI event is highly sensitive to the de-
laminations rather than in-plane failure modes. This effect will most likely be highly
dependent on the stacking sequence of the laminate. The laminate used in this study
had a high percentage of plies with the fiber direction orientated in the same di-








(a) Load-displacement for the E3 impact case
(b) Matrix and fiber failure during CAI loading
(c) Deformation during loading. Showing matrix fail-
ure.
Figure 7.5: Comparison of model load-displacement and peak loads with experimental
results.
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failure observed in the impact event was therefore minimal, resulting in the biggest
compression instability coming from local buckling of the delaminated layers. For a
further conclusion the E3 model was run without importing the in-plane failure state
of the impact event, only updating the delaminations. The peak load was found to be
within 0.1% of the previous result, and stiffnesses also matched. It is therefore clear
that the CAI event following an edge-on impact in the BVID regime is most sensitive
to the extent of delamination and not to in-plane failure.
7.5 Conclusion
The impact model introduced in Chapter VI for predicting face-on impact and
CAI has been evaluated for edge-on impact and CAI modeling. EST material model
and DCZM elements were once more used for intra-laminar and inter-laminar failure
modeling, respectively. CAI predictions are done using the impact model results as
initial data. Results are imported and act as the initial condition for the CAI. The
experiments in Chapter III were used for comparisons. The E1, E3 and E5 energy
levels were used as the main subjects of the study, giving a range of impact energies
and damage extent.
The model proved largely successful at capturing the pre-peak impact response
and impact damage extent. The post-peak response differed from experiments in
a similar manner to the face-on impact. While the model captures the extent of
damage, the compressive failure modes are not captured with the same fidelity as the
face-on impact as would be desired. Due to shell elements being used (plane stress)
the through-the-thickness compressive failure modes and resultant “slipping” cannot
be accurately implemented. However, further improvements to the EST material
model to include modeling the residual strength due to constrained in-plane crushing
for both matrix (mode I and mode II) and fiber kinking is recommended for future
study and this detail should lead to better agreement in failure mode predictions.
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The CAI event was predicted very well. Excellent agreement was seen between the
CAI model predictions and the experiments. Peak loads were captured within 10% of
the average experimental results for the lower energy impacts. E5 impact was off from
the average experimental value by roughly 22%. The CAI event showed minimal in-
plane failure growth prior to the load drop. The softening and reason for the load drop
was found to be due to delamination growth. Delaminations grew from the impacted
side of the specimen to the non-impacted side. This resulted in global buckling of the
specimen, leading to a catastrophic fiber failure in the 0◦ layers. The delamination
sensitivity of the model was further tested by importing only the delaminated state
and no in-plane damage/failure from the EST material model. The CAI response was
seen to be identical, within 0.1% of the one with in-plane damage/failure imported.
It was therefore concluded that the delamination state of the laminate is indeed the
most influential failure mode in influencing the CAI strength.
Future work on the model, which would improve the face-on impact model as
well, would include capturing the impact rebound correctly by improvements to the
compressive residual strengths, permanent deformation due to in-plane failure as well




In this thesis, the response of FRPC laminates subject to low-velocity impact has
been investigated experimentally, and numerically using a lamina level FE model with
discrete cohesive layers to capture delamination. Low-velocity impact studies with a
focus on impacts in the BVID regime were conducted for face-on and edge-on impact.
While face-on impact has been widely investigated, and industry standards have been
developed, edge-on impact on FRPC’s has seen limited representation in literature
publications. Edge-on impact is most commonly related to impact on a stiffened
panel stringer. Due to the high cost of manufacturing skin-stringer panels for testing,
it is clear that a standardized coupon-level experimental method would be highly
beneficial. A novel method for conducting coupon-level edge-on impact and CAI was
therefore introduced. Impact FE models most commonly use material and fracture
properties measured at quasi-static rates while local strain rates can be in the excess of
100 strain/s as well as interface separations (inter-laminar fracture) exceeding 1000
mm/s, locally. It was therefore desired to study the rate effects of inter-laminar
fracture. A comprehensive finite element model using lamina level progressive damage
and failure material models coupled with discrete cohesive elements was developed
for predicting the face-on and edge-on impact events. A continuum shell based model
for computational efficiency, coupled with discrete cohesive elements for through-the-
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thickness failure modes was seen to be capable of capturing the important failure
modes observed in composites subject to low-velocity impact.
Experimental results for various face-on impacts were investigated in detail for two
different FRPC material systems. The effect of impact mass and velocity was stud-
ied, within the low-velocity impact regime. Impact energy was kept constant while
varying the mass. There was no notable difference seen between the different veloc-
ity/mass test parameters, within the tested regime. A BVID study was conducted
on TL coupons where the impact energy was varied to establish the BVID energy
limit. Numerous NTL coupons were then tested at the BVID limit to be used for
FE model validation purposes. An extensive post-impact inspection of the coupons
was conducted using ultrasound and microCT scanning methods. The results re-
vealed that for model validation and comparisons, ultrasound scanning is insufficient.
The method produces the overall damage footprint along with some delamination
shapes, which is valuable. However for development of progressive damage and fail-
ure models for impact the details and information gathered from microCT scanning
is invaluable. MicroCT scans were shown to capture ply-by-ply damage extent, de-
tailed delamination patterns, matrix splitting, fiber rupture, and the interaction of
the aforementioned modes. CAI experiments were carried out on the BVID study
impact coupons to establish the CSAI in the BVID regime. Impacts at or below the
BVID limit were found to reduce the compressive strength of the coupon by up to
30%. It was therefore concluded that an impact at or below the BVID limit can have
a significant effect on the load carrying capability of the structure. By factoring in
damage growth due to continued service loads, the impact damage growth (due to
fatigue) could eventually lead to a catastrophic structural failure.
A novel method for conducting coupon-level edge-on impact on FRPC laminates
at various angles was introduced. A BVID study was conducted using the same
material system as in the face-on impact BVID study. Impacts at 0◦ and 45◦ angles
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with respect to the impacted edge were carried out at a range of energy levels to
establish the BVID limit. Impact damage due to a 0◦ edge-on impact was found
to be a highly localized event due to the laminate being constrained from globally
deforming (bending). A detailed microscopic study on the 0◦ impacted specimens was
presented. Failure mechanisms observed were very rich for the higher energies tested.
Mechanisms observed were of the splaying and fragmentation nature where the outer
most layers bulge out due to mode I delaminations and the center layers experience
fragmentation due to localized crushing. The BVID limit for 0◦ was found to be
very low due to permanent deformations on the edge being highly visible. The 45◦
impacts showed a completely different response. The impact was soft and forgiving
and resembled the face-on impact more than the 0◦ impact case. At first glance the
impact damage was seen to be minimal, however with further ultrasound inspection
the damage extent was seen to be slightly lower but on par with the 0◦ impacts.
Industry testing standards for compression after impact proved to be insensitive to the
edge-on impact damage due to the size of the coupon and localized impact damage.
A method for conducting CAI using a modified CLC fixture was introduced. The
specimen width was chosen to be of a size larger than the impact damage caused by
the BVID impact, yet relatively small so that impact damage sensitivity would be
achieved. Both the 0◦ and 45◦ impact cases were seen to be sensitive to compressive
loading using the adjusted CLC test setup. Compressive strength was seen to drop
by close to 40% in some cases.
Rate dependence of mode I and mode II inter-laminar fracture toughness of FRPC
laminates was investigated by conducting testing at elevated rates. Quasi-static and
intermediate rate testing up to 100 mm/s were performed on a hydraulic load frame.
Testing at elevated rates were conducted on a drop tower test apparatus, where
loading rates of up to 3600 mm/s were achieved. An improved wedge-insert fracture
method for conducting mode I fracture at elevated rates was introduced. Frictional
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effects caused by contact between the wedge and the crack surface has been removed
by simply inserting two wedges between the rollers of a conventional DCB specimen
orientated vertically. A simple correction factor was introduced to the MBT fracture
toughness calculation to account for the axial load applied by the wedges. Kinetic
energy contributions were also included in the GIC calculations. The method was
verified against established standards at quasi-static rates, and exceptional agreement
was achieved. The method was tested at rates up to 3600 mm/s and has been proven
to be a viable method for conducting mode I inter-laminar fracture at elevated rates.
A downward trend for GIC was seen with increasing rate as well as a drastic reduction
in the effect of bridging. Mode II interlaminar fracture was conducted using the
established ENF test method. Testing was conducted at up to 2800 mm/s. GIIC
calculations were done using kinetic energy contributions. An increase in GIIC was
observed up to a loading rate of 1500 mm/s, beyond that a decreasing trend was
observed. Testing at rates in excess of 3000 mm/s is recommended.
A robust and efficient FE modeling approach for predicting impact and CAI on
FRPC laminates was introduced. A lamina level FE model utilizing Reissner-Mindlin
plate theory (shell elements) for modeling each individual ply was introduced. A
progressive damage and failure material model, EST, is used for capturing the full
field intra-laminar damage (pre-peak) and failure (post-peak) in the 1-2 plane. Inter-
laminar failure (delaminations), or through-thickness, is captured by utilizing discrete
nodal connection cohesive elements (DCZM elements) for tying together the individ-
ual shell layers. The combination of plane stress shell elements and discrete cohesive
elements enables the model to capture the most important impact failure mechanisms.
While the intra-laminar through-thickness failure modes, such as the 2-3 shear which
is a highly reported failure mode in impacted composites. A hypothesis was made
that with the combination of damage and failure in the 1-2 plane and interfacial
delaminations, the effect of 2-3 shear failure and delamination migration could be
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captured.
Using the modeling methods that were previously described, a face-on impact and
CAI model was developed. An impact model using the local-global modeling method
was built for capturing the impact event and subsequently the CAI response using
the same FE model. The model was found to be successful at predicting the im-
pact response for the impacts reported in earlier chapters. An exceptional agreement
was seen in the pre-peak response while the rebound (post-peak) response was not
captured correctly in the lieu of extensive impact damage. Impact damage extent
as well as location, type and shapes of damage/failure predicted by the model was
in excellent agreement with experimental results, including both ultrasound and mi-
croCT scans. Furthermore, the model proved to be capable of capturing the impact
response of TL and NTL laminates subject to BVID impact and CAI, all while using
a non fiber-aligned mesh. CAI predictions were achieved by importing the impact
damage/failure state of the impact model and using it as the initial state prior to
compressive loading. Some variance in error between the experimental post-impact
strengths and predicted values was seen in the model. While some cases were pre-
dicted to great accuracy of within 1%, the end result was that half the laminate
predictions were within 7.2% while the other half ranged up to 14.4% at most. The
conclusion was that the model is highly capable of capturing the low-velocity impact
and CAI response of FRPC laminates of any arbitrary stacking sequence.
Edge-on impact (0◦) predictions using the aforementioned FE model were in over-
all good agreement with experimental data. Due to the localized failure mechanism of
the edge-on impact event being (highly three dimensional), the shell models predicted
failure modes that did not resemble the experimental results to the same extent as the
face-on impact model. Progressive crushing underneath the impactor causes mode
I delaminations at the outer interfaces while the midplane plies experience in-plane
compressive loads. In-plane compressive loads then lead to 3D failure modes such
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as 2-3 shear and out-of-plane fiber kinking which a shell model is unable to capture.
However, the failure mode which seemed to be the most dominant when it came to
predicting the CSAI was found to be the delamination modes of failure. This mode of
failure was captured quite nicely by the impact model. As a result the CSAI showed
a very good agreement with experimental results.
8.1 Best Practices and Modeling Guidelines
The modeling guidelines and best practices, as experienced through the studies
presented in this thesis, are provided in this section. The first thing to note are the
dimensions of the problem, and to evaluate the approximate impact damage foot-
print. For the BVID regime, the models provided in this thesis yield fairly accurate
representations of the damage footprint. The “local” area, or “impact” area, should
be meshed “finely” so that the impact event will be captured properly as explained
later. For experimental studies, any boundary effects that could be caused at the
local-global boundary should be minimized, and for this, the models presented can
be used to estimate the size of the impact damage footprint. The experimental sup-
ports should be modeled as accurately as possible. The use of rigid body elements and
contact definitions is recommended over the application of nodal boundary conditions
on the laminates surface.
Using continuum shell elements instead of the conventional shell elements is re-
quired (unless the cohesive element accounts for rotational degrees of freedom) so
that the top and bottom surfaces of the lamina are represented correctly. This will
allow for the interfacial slip to be captured more accurately. Furthermore, the shell
section properties should be defined in the appropriate manner, as described in the
ABAQUS manual, as well as Chapter 6.2 of this thesis.
The mesh should be chosen with respect to the desired results and the size of
the model. The mesh size should adhere to the critical element lengths of the CB
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formulation (to prevent snap-back and unstable behaviour due to sudden loss in
stiffness). The element size should be chosen to be below the CB limit. However, the
commonly referred to factor of being 10 times smaller than the CB limit is difficult to
enforce when the problem becomes large due to a high ply count and therefore cohesive
interfaces. The critical element length due to transverse (matrix) compression loading
is typically very small due to the high strain to failure. The fracture toughness for
transverse (matrix) compression is also assumed to be the same as the value acquired
from quasi-static interlaminar mode I fracture. This value is most likely too small as
well as the residual strength of an element (due to friction in the ≈ 52◦ fracture plane
as well as confinement due to adjacent layers). Therefore, for the study presented
in this thesis, a plateau stress was implemented for the in-plane mode I compressive
failure of the matrix. The results were not seen to be sensitive to this assumption.
The combination of EST+DCZM is capable of capturing the important failure
mechanisms that are involved in face-on impact. The edge-on impact model requires
some improvements to the compressive failure modes. This is needed so that progres-
sive crushing can be captured. Some details on improvements is given in the “Future
Work” section below. Furthermore, the rebound of the model was overall not in
good agreement with the experimental data. It is clear that further implementation
of viscoelastic behavior and/or permanent strain in the model would be essential for
capturing the rebound event, and this is also mentioned in the “Future Work” section
below.
For the CAI simulation, the main recommendation which arises due to ABAQUS
limitations related to the *Import command, is that a high memory node is used. This
is due to the pre-processing taking a lot of memory and only utilizing 1 processor of
node. By using a high memory node each processor acquires more memory and
therefore you can use more processors overall. Mass scaling should be used carefully
so that the kinetic energy in the system is much smaller than the total strain energy of
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the system. The boundary conditions need to be enforced correctly in the CAI model,
and it may require importing of supports that were not used in the impact model.
In the studies presented here, the roller boundary support of the impact model was
used for the CAI knife supports as well, although the radius of the contact surface is
larger. This led to good agreement with the experimental results.
8.2 Unique Contributions in this Thesis
The impact failure mechanisms in laminates of industry standards are rich and
intriguing. The damaged/failed state of the structure shows a combination of interact-
ing intralaminar (fiber and matrix) and interlaminar (delamination) failure modes.
The interaction of in-plane and out-of-plane damage and failure modes is a subtle
thing but of very high importance for capturing the impact induced damaged cor-
rectly. It is therefore necessary to develop a computational tool that is able to capture
these effects accurately. A secondary requirement arrives from the industry, where
computational time is one of the biggest factors. High-fidelity experimental data is
of high importance for accurately validating and improving the developed impact
model. The thesis focuses on both the experimental and numerical investigation of
low-velocity face-on and edge-on impact of FRPC’s, with the main focus on BVID
events. The unique contributions of the thesis are as follows:
1. Detailed experimental (real time) results for face-on and edge-on impact and
CAI of aerospace laminates has been conducted. Different lay-ups and material
systems were investigated. In-situ out-of-plane deformations were captured us-
ing high speed imagery and 3D DIC methods. Detailed post impact CT scans
showing detailed interior damage mechanisms.
2. Introduced a new experimental method for conducting coupon level edge-on im-
pact and CAI. The method allows for a drastic reduction in experimental costs
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(material, setup and preparation). Evaluation of the edge-on impact damage
on the stringer of a stiffened panel is captured using a simple laminate coupon.
3. Developed a new experimental method for quasi-static, intermediate and ele-
vated rate mode I fracture characterization using a modified wedge-insert frac-
ture experimental configuration. Detailed analysis and validation of the method
were conducted.
4. Introduced a new robust and efficient, finite element based, mesh objective for-
mulation and model that virtually predicts the face-on impact response and
CSAI of FRPC’s. A continuum shell based model utilizing an in-plane pro-
gressive damage and failure material model and discrete cohesive elements was
introduced. The model successfully captured several failure mechanisms accu-
rately, such as top face kinking, delamination jumps, and moderate interaction
between intra- and inter-laminar failure modes, in a unified model.
5. Extended the shell element model to predict edge-on impact responses and
CSAI of FRPC’s. Limited FE modeling of edge-on impact has been reported in
literature, especially for realistic aerospace laminates. The model showed good
promise for capturing the edge-on response, as well as showing good agreement
for CSAI.
8.3 Future Work
The thesis presented extensive experimental work using both existing techniques
as well as introducing novel methods. A new FE modeling approach for capturing
face-on and edge-on impact of FRPC’s as well as predicting the CSAI was introduced.
However, as with any research related work, there is always more to be understood
and more detail to be attained. In the following paragraphs some proposed work is
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introduced, this is by no means an exhaustive list of the directions or inclusion the
future work could entail.
Face-on Impact: Further experimental study on NTL with dispersed stacking
sequences. It would be beneficial to come up with simplified layups for detailed study
of the intra-inter interaction between different ply to ply mismatch angles.
Edge-on Impact: Further study using the proposed coupon-level edge-on im-
pact configuration including impacts of higher energy, spherical impactors and dif-
ferent impact angles. Further validation and correlation studies of the CLC method
for acquiring the CSAI, mainly investigating the relation between the coupon level
compression response and sensitivity to the impact damage w.r.t. the large structure
(skin-stringer sub-component level experiments).
Rate Dependence of Inter-laminar Fracture: A good baseline study has been
presented in this thesis. The MWIF experimental procedure has been shown to be
successful at capturing mode I fracture at elevated rates. Further increase in loading
rate would require some improvements of how the load signal is acquired. Since at
the highest rates tested the load signal became difficult to extract. Furthermore, the
method can be extended for use with high-rate testing. The same goes for mode
II testing, increased loading rates as well as different boundary conditions could be
investigated, such as investigating the effect of global bending by reducing the distance
between the bottom roller supports. A FE study and inverse analysis to investigate
the cohesive law behavior at increased loading rates would be essential for gaining
more understanding into the fracture characteristics. The study would also give
valuable insight and correlation between applied loading rate and the local crack tip
separation rate.
FE Impact Model: The main issue with the face-on impact model was the
rebound, although it was not seen to be necessary to capture the rebound correctly
since the damage extent and failure mechanisms were in excellent agreement with
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experimental data. The model requires additional work to accurately capture the
progressive crushing that occurs in the edge-on impact event. Below are a few addi-
tional implementations that would be beneficial for both face-on and edge-on impact,
in no particular order.
1. Residual strain implementation and/or relaxation dampening to capture per-
manent deformations as well as frictional effects between delaminated surfaces
(due to debris and rough fracture surfaces) for capturing the slower rebound of
the laminate.
2. Residual strength for compressive modes of failure; this would allow for captur-
ing progressive compressive failures (kinking etc.)
3. Degradation of the continuum shell transverse shear stiffness values w.r.t. in-
plane degradation would allow for more accurately capturing the through-the-
thickness displacement mismatch due to in-plane failure modes such as ply
splitting.
4. Direct interaction between intra- and inter-laminar failure modes.
5. Implement an adaptive cohesive law into the DCZM element formulation to
account for the local loading rates. This would be a combined effort with the
rate dependence inter-laminar fracture work mentioned above.
Furthermore, with the model being validated and showing excellent predictive
capabilities for face-on impact. A study focused on improving the impact response
can be done, such as investigating the effect of the layup, ply stacking, strengthening
the top surface to minimize compressive failure and/or internal damage and failure.
Lastly, comparisons to a 3D FE model using similar modeling approaches (ST+CB)
extended to the through-the-thickness dimension would be beneficial to understand
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the upsides and down sides of the 3D model and the shell model. A fiber orientated





Matrix Crack-Delamination Interaction In
Sandwich Composite Beams
A.1 Introduction
Modeling the impact dynamic response in composites, using finite element based
approaches can be computationally expensive due to complex failure mechanisms and
interactions amongst them during the damage and failure event. Previous studies have
found comparable load-displacement responses, and similar damage distributions and
force levels between quasi-static and low-velocity impact tests [97, 140]. The failure
observed in multi-ply cross ply composite laminates subject to low velocity impact has
been reported [62] and it has been observed that a characteristic failure mechanism
is the interaction between transverse matrix cracking and delamination. Thus, it is
of interest to study this failure mode in isolation. Because of the similarity between
failure mechanisms in a multi-layered composite laminate and those that occur in a
sandwich panel, under flexural response, it is expedient to investigate failure mode
interaction and progression in a sandwich panel, where the flexural rigidity of the
specimen can be tailored to experimental requirements. The impact response of
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sandwich panels display transverse shear failure and delamination which is similar to
failure observed in multi-layered laminates subjected to similar loading conditions.
Experimental and computational results on the flexural response and failure of
sandwich composite beams under quasi-static and dynamic three point bend loading
are presented in this paper. The motivation for this study is to clearly understand
the interaction between different failure mechanisms, in this case the shear failure
of the core and the delamination of the interface. Sandwich composites with two
significantly different materials with respect to mechanical behavior (face sheet and
core) can be expected to have a relatively neat failure mechanism. This study could
therefore prove very useful for developing modeling strategies to understand failure
in laminated composites subject to low-velocity impact since laminated composites
that often contain stacking sequences of (0/90/0) show transverse cracking in the 90
layers which lead to delaminations at the adjacent interfaces, a mechanism that is
comparable to the failure initiating in the core of a sandwich structure leading to
delamination at the face sheet-core interface.
A.2 Experimental Results
Three point bend tests were performed on a sandwich composite beam both stat-
ically and dynamically, the dimensions of the specimen (Table A.1) and test fixture
(Figure A.1) were held constant for both events. The sandwich composite beam that
was studied in this research has face sheets composed of 8 plies of T300B-3K plain
woven carbon fiber laminae with a stacking sequence (−45/45)4, and the face sheets
are impregnated with Epon 862 epoxy. The core material used is LAST-A-FOAM-
FR-6710, which is a brittle foam. The core thickness was chosen to be 12.7 mm
thick.
Rubber pads were used between the rollers and the specimen to prevent stress
localization which would result in indentation and crushing of the core under the
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roller (these results were found in preliminary testing that was done). The material
used for the rubber pads was ultra-strength neoprene rubber with durometer 60A.
During loading the rubber pads can be seen deforming excessively, making it seem as
if the core is getting crushed underneath the roller, however with close observation
it was concluded that the core is not getting crushed, the rubber pads are deforming
out-of-plane and creeping over the face sheets.
The static tests were performed on an MTS loading machine with a loading rate
of 0.01 mm/second, this provides quasi-static loading conditions. The event was
recorded at 1 frame every 5 seconds with a Nikon D5300 digital camera equipped
with a 105 mm lens. The dynamic testing was conducted in a drop tower with an
impact mass of 25.13 kg, different energy levels of impact were studied to establish the
impact energy needed to fail the sandwich structure. The impact energy of interest
proved to be 10 joules, the energy level gives repeatable failure in the structure as
Figure A.1: Three-point bend fixture.
Table A.1: Key dimensions in experiments.
Beam length 250 mm
Span length 152.4 mm
Beam width 24 mm
Face-sheet thickness 1.9 mm
Core thickness 12.7 mm
Top roller diameter 12.7 mm
Bottom roller diameter 7.9 mm
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well as being close to the minimum required energy to produce failure. The impact
event was captured using a Photron SA-2 high-speed camera recording at a rate of
25,000 frames per second with a resolution of 1024 pixels by 248 pixels.
Digital Image Correlation (DIC) techniques were used to obtain full field surface
displacement and strain fields during the loading event. Due to the large deflection of
the rubber pads, the displacement was collected digitally from the DIC data, where
the vertical displacement is calculated from the difference between the displacement
at the bottom rollers and at the top roller. This is done at the centerline of the
sandwich beam, a schematic is shown in Figure A.2.
Multiple tests were done to make sure repeatability was established. Typical
experimental load-displacement response plots can be seen in Figure 1.3(a), for quasi-
static and dynamic loading, respectively. It can be seen from the static load-displacement
response that after an initial fairly linear response, nonlinearity sets in due to the non-
linear stress-strain response of the core material [127]. This non-linear behavior is not
present in the impact response of the sandwich beam, because the center displace-
ment of the impact case is smaller than the corresponding quasi-static case, resulting
in core shear strains that are smaller.
The peak load for the impacted structure is also lower than for the quasi-statically
Figure A.2: The definition of center displacement.
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loaded specimen as well as the stiffness being lower. The failure modes for the quasi-
static and dynamic cases are in good agreement with each other, both of the tests show
a highly catastrophic failure. With the use of the high-speed cameras the failure event
can be seen more clearly. The structure can be seen going from no failure to complete
failure in under 0.2 milliseconds, during which 5 frames showing the initiation and
propagation, see Figure A.4 of the failure event is captured. The initial failure is due
to high shear stress in the core, and the location of shear failure showed consistency


















Impact 10J Test 1







(a) Load-displacement response of quasi-static three-point
bend and 10J impact tests
(b) DIC results of transverse shear strain: quasi-static three-point bend test (left) and 10J impact
test (right)
Figure A.3: Representative experimental results.
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between tests. Figure 1.3(b) shows the strain progression as well as the onset of failure
captured in the dynamic case. The quasi-static failure progression was not captured
with the rate at which the cameras were recording. From the high-speed cameras
the failure can be seen to initiate in the core close to the lower face sheet and then
a crack propagates through the core at an angle of 45◦. Once the crack reaches the
face sheets, initially the lower one, it starts a delamination that grows very rapidly
along the face-sheet-core interface. The delamination crack that formed at the bottom
interface propagates all the way through to the edge while the delamination at the
top interface arrests slightly to the side of the roller, opposite to the side where the
core has cracked.
Figure A.4: The failure event for the 10J impact. The interval between each picture
is 0.04 milliseconds where the first image shows no damage. The dashed







Figure A.5: 2D plane-strain FE model of the sandwich composite with imperfect core
A.3 Finite Element (FE)-based Simulation
A.3.1 Modeling Details
The 2D plane strain configuration of the tests, as shown in Figure A.5, was an-
alyzed using the finite element method, [98]. The steel rollers, rubber pads and
sandwich beam were modeled by four-noded plane-strain continuum elements with
reduced integration (CPE4R), using the commercial software, ABAQUS. A friction
coefficient of 0.5 was assigned to all contacts. The friction coefficient was acquired
from estimates provided in engineering hand books for hard rubber to steel contact.
The element size of the core and face-sheets are 0.5 mm × 0.3 mm and 0.5 mm
× 0.2 mm respectively. The face-sheet and the foam core mechanical properties are
shown in Tables A.2 and A.3 respectively. The foam core shear non-linearity is shown
in Figure A.6, and in this study only the foam core had a failure criterion defined. The
evolution of core failure was modeled by using the Smeared Crack Approach (SCA),
which has been adapted from the study by Heinrich and Waas [46], who extended
the original formulation of Rots et al. [102]. The 2D formulation of the SCA for an
isotropic material as presented in [138] and implemented through the user subroutine
VUMAT, was used in the present study. Detailed information on the formulation
of the 2D isotropic SCA can be seen in the following subsection (Section 3.2). An
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Table A.2: Mechanical properties of the face-sheets.
Density, ρ 1450 kg/m3
Young’s modulus, E 48.1 GPa
Poisson’s ratio, ν 0.21
Table A.3: Mechanical properties of the foam core.
Density, ρ 160 kg/m3
Young’s modulus, E 86 MPa
Poisson’s ratio, ν 0.3
Tensile strength, XT (static) 1.32 MPa
Tensile strength, XT (dynamic) 1.10 MPa
Mode I energy release rate, GIc 0.05 N/mm












Figure A.6: Nonlinear shear stress-strain relation for the sandwich core material.
exponential traction separation law for the smeared crack strain has been adopted.
The failure initiation criterion used is the maximum tensile principle stress, of which
the critical value is denoted as XT . In experiments, the crack randomly occurs on
either side of the top roller, and the failure initiation is caused by slight asymmetry
in the strength properties of the core which are not homogeneous. Therefore, we
introduced a imperfect model for the foam core, where the right half is 1.1 times
stronger than the left half, in terms of critical tensile principle stress. Due to this
choice, the core shear crack will always initiate in the left half, a slightly higher critical
value will not significantly influence the crack propagation once the crack reaches the
right half.
The density of the rubber pads is 1100 kg/m3. To achieve a better understanding
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2D FEM (Marlow’s Model)
Figure A.7: The stress-strain curve from a compression test on a long rubber speci-
men and FEM simulation of the test using CPE4 element and Marlow’s
hyperelastic model.
of the mechanical properties of rubber pad material, uniaxial compression tests were
performed on a wide rubber specimen. The dimension of the rubber specimen is 25.94
mm (L) × 136.15 mm (W) × 23.90 mm (H). The rubber was loaded in the thickness
direction (H). The rubber specimen is wide enough so that it can be considered to
satisfy plane-strain conditions. A 2D FE simulation was adopted to simulate the
compression test. The cross-section of the rubber specimen was modeled by using
continuum plane-strain elements (CPE4). Marlow’s hyper-elastic model was used
[28]. The Poisson’s ratio of the rubber was set as 0.495. As shown in Figure A.7, the
2D FE model gives good agreement with the experimental results.
The steel rollers were modeled as rigid bodies. The impactor mass, 25.13 kg, was
assigned as a point mass to the reference point of the top center roller. The quasi-
static loading was simulated as a displacement controlled loading at the top center
roller with loading rate 25 mm/s. The loading rate was chosen by considering the
balance of precision and computational cost. Impact energy was applied to the model
by specifying an initial velocity of the top center roller. The initial velocity for the
10J impact is 0.89 m/s.
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A.3.2 2D Isotropic Smeared Crack Approach Formulation
A 2D isotropic smeared crack approach was utilized to capture the post-peak
failure of the sandwich foam core. The method was implemented as a user material
subroutine (VUMAT) in the commercial FE solver, ABAQUS Explicit. Pre-peak
behaviour is governed by a nonlinear elasticity model in which the normal stress-
strain relation is linear but the shear stress-shear strain relation is non linear. It is
possible to implement any type of pre-peak continuum model, such as J2-plasticity
or continuum damage mechanics. In the present case the non-linear shear response of
the foam core is modeled using a polynominal representation between shear stress and
shear strain (Figure 6). Post-peak behaviour is modeled by the SCA method. The
SCA method assumes that macroscopic cracks are smeared over a finite element (in
which the crack resides) in the form of macroscopic strain softening. The formulation
of the 2D method will now be covered.
In the post-peak regime the total strain is represented as a sum of the continuum
strain, εco, and crack strain, εcr.
ε = εco + εcr (A.1)
The global crack strain, εcr, can be related to the local co-ordinate crack strain,
ecr, through the transformation matrix N. The transformation matrix is found by
using the Rankine criterion for maximum principal stress. The Rankine criterion for
maximum principle stress is also used to evaluate the crack onset and crack direction.




Where εcrnorm and γ
cr
tang are the crack strain components normal and tangential to
the crack edge, respectfully. In a similar manner the global stress state, σ, can be
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Figure A.8: Traction-separation law dictates the crack interface stiffness.
transformed to give the tractions on the cracks edge where, like previously, σcrnorm and




 = NTσ (A.3)
The crack interface (local) stresses are related to the local strains through a secant
stiffness matrix, Dcr, and a damping matrix, Dda, by the following relation
scr = Dcrecr +Ddaėcr (A.4)
By adding the damping matrix the crack propagation becomes a time dependent
property. By doing so the simulation can be stabilized and oscillations due to sudden
loss of stiffness are reduced. The crack (local) strain rate, ėcr, is approximated from








The crack interface stresses can now be expressed as the following;



































where Ecr andGcr are the crack tensile and shear secant stiffness, respectfully. The
crack secant stiffness is a function of the normal crack strain, εcrnorm, and not the shear
crack strain, γcrtang, and is therefore mode I dominated. In the above equation it can
be seen that the strains are related to a characteristic length scale, h. This provides
the relation between the effective stress-strain relation and the traction-separation
law. By the manner in which the crack separation is related to the element level
smeared strain, the correct strain energy is dissipated for each element that enters
the post-peak regime, ensuring mesh objectivity. The traction-separation law used
for the unloading of the element can be seen in Figure A.8.
To relate the crack strain to the total elastic strain we first define the constitutive
relation for the continuum as
σ = Dcoeco (A.8)
By combining the equations above, an implicit relationship between the crack





































For a more detailed description on the numerical implementation of the SCA
method (3D isotropic model and 2D orthotropic model) the reader is referred to
Heinrich and Waas [46].
A.3.3 Results
The computed load-displacement responses from the quasi-static simulations are
compared against experimental results, as shown in Figure A.9. Two different dis-
placements are reported. Figure 1.9(a) uses the roller displacement, which is the one
commonly reported in literature. A new approach to measuring the displacement is
considered to eliminate the large deformation influenced by the rubber pads. The
center displacement is used to plot a secondary load-displacement response in Figure
1.9(b). The center displacement, defined in Figure A.2, will provide more information
on the flexural response of the sandwich structure, including material non-linearity.
The FE model shows good agreement with experiments on the flexural response of
the structure as well as capturing the peak load, and the location of failure initiation
and propagation.
The low velocity impact simulations are compared against the experimental re-
sults, the load-time history as well as the load-displacement response are compared,
as shown in Figure A.11. The load-time history from the FE model agrees well with
experimental results. The peak load predictions are in good agreement with experi-
mental peak loads. From the load-displacement response, where the displacement is
the center deflection of the structure (Figure A.2), it can be seen that the experimental
results are softer than the model predictions. The experimental results show overall
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Figure A.9: Comparisons of load-displacement response between experiments and
FEM simulation of quasi-static test.
(a) At point (A), before damage
(b) At point (B1), just before crack initiation
(c) At point (B2), crack initiation
(d) At point (C), crack propagation
Figure A.10: Transverse shear strain distribution from FEM simulation of quasi-static
test. The colorbar is scaled so that a comparison against experiments
can be made. The black color shown is out of the colorbar range.
204












































Figure A.11: Comparisons of load history and load-displacement response between
experiments and FEM simulation of 10J impact.
(a) At point (a), before damage
(b) At point (b1), just before crack initiation
(c) At point (b2), crack initiation
(d) At point (c), crack propagation
Figure A.12: Transverse shear strain distribution from FEM simulation of 10J impact.
The colorbar is scaled so that comparison against experiment is feasible.
The black color shown is out of the colorbar range.
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rate softening in stiffness which is not captured by the FE model. The reason for this
softening could be due to micro cracking in the foam core almost instantaneously as
the structure gets loaded. This would result in an overall stiffness softening rather
than a progressive softening response. Further investigations which are beyond the
scope of this paper are needed to investigate this hypothesis.
The evolution of core failure and interface delamination for the quasi-static sim-
ulation is shown in Figure A.10 and for the dynamic simulation in Figure A.12, in
terms of transverse shear strain, noting that the bound for the color contours is ±0.1
so that it can be compared to the DIC results measured in experiments. The black
color region in Figure A.10 and A.12 demonstrates that the absolute transverse shear
strain is larger than 0.1. In the SCA, the secant modulus is degraded when the fi-
nite element reaches the critical stress and enters the post-peak strain softening zone,
where the tangent stiffness is negative [138]. In the progression of failure, the crack
strain will replace the continuum strain as the dominant one. Therefore, the black
color region can be considered as the crack. The failure initiation and propagation
from the experiments were captured, and the events are quite similar and will be
described as follows. The crack in the core initiates near the interface between the
core and lower face-sheet with a 45◦ angle. It is worth noting that a small delami-
nation occurs at the lower interface immediately after the small core crack initiates,
starting from the core crack tip, which was also captured by the high-speed video in
the impact experiments. Once the crack has been initiated, it propagates through
the core at a 45◦ angle as well as delaminations traveling rapidly to either side at a
135◦ angle, with respect to the core crack, resulting in a zig-zag shaped final failure
of the structure. This zig-zag shaped failure, caused by the interaction of the matrix
crack and the subsequent delamination is characteristic of the failure mode reported
in many publications that deal with impact damage in composites.
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A.4 Conclusion
Experimental and computational results for a sandwich composite beam under
three point bending, both under quasi-static conditions as well as low velocity im-
pact, have been presented. Detailed insight has been obtained into the failure mech-
anisms observed in the experiments. These details were captured in a 2D FE model
by implementing failure mechanics using the smeared crack approach. The FE model
captures the flexural response of the static experiments as well as the onset of failure.
The dynamic simulations also show good agreement. In particular, the sequence of
physical events observed in the experiments are accurately captured by the model-
ing framework that is presented. Matrix cracking initiates first, locally. Then, this
initiated crack propagates and intersects an interface, at which time delamination
is seen to initiate. This sequence of events is well captured in a computationally
efficient manner by the study presented here. Extensions of these findings to under-
stand the initiation and propagation of damage and failure during an impact event




Face-on Impact microCT Images
The following appendix contains higher resolution microCT images from the im-
pact experiments conducted in Chapter II. The slices, due to the scanning method,
get influenced by adjacent layers. The images have been chosen here to represent
the damage extent traveling through the thickness of the specimen. The interface
number and major fiber direction of the plies showing damage has been noted. The
orientation can be seen in the first figure for each test.
Figure B.1-B.5 show the results from the High-Fidelity Impact Study presented
in Chapter 2.2. Layup: [0/45/0/90/0/− 45/0/45/0/− 45]s
Figure B.6-B.10 show the results from the BVID Impact Study presented in Chap-
ter 2.2. Layup: [45/90/−45/02/−45/0/45/0/45/−45/0/45/0/−45/02/−45/90/45]
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(a) Interface 1: 0/45 (b) Interface 1: 0/45 (c) Interface 2: 45/0
(d) Interface 2: 45/0 (e) Interface 3: 0/90 (f) Interface 4: 90/0
Figure B.1: MicroCT results for interfaces 1-4.
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(a) Interface 5: 0/-45 (b) Interface 5: 0/-45 (c) Interface 6: -45/0
(d) Interface 7: 0/45 (e) Interface 8: 0/45 (f) Interface 9: 45/0
Figure B.2: MicroCT results for interfaces 5-9.
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(a) Interface 10: 0/-45x2 (b) Interface 11: -45x2/0 (c) Interface 11: -45x2/0
(d) Interface 12: 0/45 (e) Interface 12: 0/45 (f) Interface 13: 45/0
Figure B.3: MicroCT results for interfaces 10-13.
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(a) Interface 13: 45/0 (b) Interface 13-14: 45/0/-45 (c) Interface 14: 0/-45
(d) Interface 15: -45/0 (e) Interface 15-16: -45/0/90 (f) Interface 16: 0/90
Figure B.4: MicroCT results for interfaces 13-16.
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(a) Interface 17: 90/0 (b) Interface 17: 90/0 (c) Interface 18: 0/45
(d) Interface 19: 45/0 (e) Interface 19: 45/0
Figure B.5: MicroCT results for interfaces 17-19.
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(a) Ply 1: 45 (b) Ply 2: 90 (c) Interface 2: 90/-45
(d) Interface 3: -45/0x2 (e) Interface 3: -45/0x2 (f) Interface 4: 0x2/-45
Figure B.6: MicroCT results for interfaces 1-4.
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(a) Interface 5: -45/0 (b) Interface 5: -45/0 (c) Interface 5: -45/0
(d) Interface 5-6: -45/0/45 (e) Interface 7: 0/45 (f) Interface 8: 45/0
Figure B.7: MicroCT results for interfaces 5-8.
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(a) Interface 8: 45/0 (b) Interface 9: 0/45 (c) Interface 9: 0/45
(d) Interface 10: 45/-45 (e) Interface 10: 45/-45 (f) Interface 11: -45/0
Figure B.8: MicroCT results for interfaces 8-11.
216
(a) Interface 12: 0/45 (b) Interface 12: 0/45 (c) Interface 13: 45/0
(d) Interface 14: 0/-45 (e) Interface 14: 0/-45 (f) Interface 15: -45/0x2
Figure B.9: MicroCT results for interfaces 12-15.
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(a) Interface 15: -45/0x2 (b) Interface 15-16: -45/0x2/-
45
(c) Interface 16: 0x2/-45
(d) Interface 17: -45/90 (e) Interface 18: 90/45 (f) Ply 20: 45




C.1 Inter-laminar Properties for EST
The majority of the EST input properties are gathered from experimental data.
The experimental testing needed to gather the input properties is summarized in
the chapters below. The chapters are divided into different experimental procedures
which then discuss the parameters acquired.
C.1.1 Crossply Tension
Testing of a [902/02]s specimen will allow for measuring the longitudinal modulus,
E11. The modulus should be measured roughly mid-way through the test and up to
the failure point, this is done to ensure that the 90◦ layers have fully saturated and no
longer carry any load. The longitudinal modulus would be twice the stiffness of the
[902/02]s experiment at that point, this is due to the 90
◦ layers not carrying any load
and therefore the effective gage section area only being that of the 0◦, or half of the
total area of the [902/02]s coupon. Relevant ASTM standards: D3518 [5] and D3039
[115]. The longitudinal/fiber direction failure strain, XT11, can also be measured with
219
good accuracy from the [90/0]s tests. This would be the ultimate failure strain of
the coupon. Good agreement has been shown between unidirectional tension and the
crossply tension.
C.1.2 Unidirectional Tension
Tension of [0] coupons will allow for measuring the longitudinal/fiber failure strain,
XT11, as well as the poissons ratio, v12. Recommended layup: [0]8. Relevant ASTM
standards: D3518 [5] and D3039 [115].
C.1.3 [±45]s Tension
Tension testing of [±45]s coupons will result in acquiring the shear modulus, G12,
as well as the lamina shear failure strain, Z. Recommended layup: [+45/ − 45]4s.
The shear modulus should be measured early on in the experiment, prior to micro
damage accumulating, it is recommended that either the loading rate is very low or
the strain recordings are done at a reasonably high rate (10Hz or higher). Relevant
ASTM standards: D3518 [5] and D3039 [115].
The test can also be used to esimate the longitudinal compressive strength, XC11,
using Consideres construction. The fiber mis-alignment angle would need to be mea-
sured.
C.1.4 Transverse Tension and Compression
Tension and compression testing of [90] coupons will give the tension and compres-
sive strain to failure in the transverse direction, Y T22 and Y 22
C , respectfully. Recom-
mended layup is [0]24 for tension and [0]32 for compression. Relevant ASTM standards:
D3518 [5] and D3039 [115] and D3410 [117].
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C.1.5 Single Edge Notched Tension (SENT)
SENT testing of [90/0]s notched specimens is required for inverse finite element
analysis to back out the longitudinal/fiber direction fracture toughness in tension,
GfIT .
C.1.6 Interlaminar Fracture Testing
Intra-laminar fracture toughness for the matrix is assumed to be the same as
inter-laminar properties gathered from ASTM D5528 [116] standard for Mode I Inter-
laminar fracture testing. and ASTM D7905 [118] standard for Mode II Interlaminar
fracture testing. Therefore, GInterlaminarIC = G
m
IT . In a similar manner the mode II
fracture toughness is, GInterlaminarII = G
m
II .
C.1.7 Fracture Toughness for the Compression Modes
Failure of a lamina under longitudinal compression occurs due to kink band for-
mation or local buckling and the transverse compression of a lamina occurs due to
shear band formation. Both these physcial mechanisms are not captured correctly in
the EST-DCZM model, but their net effect is captured using crack band modeling.
The fracture toughness associated with these modes are not physcial and hence can-
not be determined accurately. In reality, both kink band formation and shear band
formation leads to non-zero residual stress. Current version of EST cannot model
this. Hence it is recommended to use high fracture toughness values for these modes
to indirectly account for the residual strength that can arise.
C.1.8 Schapery Micro-damage Functions
The Schapery micro-damage functions are acquired through experimental proce-
dures. Sicking and Schapery [106, 112] recommended the use of [±45◦] angle-ply
laminates to acquire the shear micro-damage function, gs. The [±45◦] angle-ply spec-
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imens show the greatest sensitivity to G12. For the transverse micro-damage function
in tension, est, a unidirectional 15
◦ off-axis specimen is recommended. This layup
will result in the matrix (transverse direction) to be in tension with respect to the
local lamina frame. For the transverse micro-damage function in compression, esc, a
[±30◦] angle-ply laminate is recommended. This layup results in the matrix (trans-
verse direction) to be loaded in compression with respect to the local lamina frame.
Below, the procedure to establish the micro-damage functions through an experimen-
tal procedure will be described.
The experimental data gathered from the three suggested test setups will be the
same. The experiments will give the laminate level stress in the loading direction,
σx, the laminate level strains, εx, εy and γxy, as well as the total energy dissipated
due to micro-damage, S. From the [±45◦] test the shear micro-damage function
first needs to be obtained and then by applying that knowledge to the [±30◦] and
[+15◦] experimental results the transverse micro-damage functions in tension and
compression can be found.
C.1.9 Shear Micro-damage Function
The experimental results from the [±45◦] test can be used to arrive at the shear
stress vs. shear strain in the lamina frame, τ12 vs. γ12.
τ12 = σxx/2 (C.1)
γ12 = ε11 − ε22 (C.2)
The [±45◦] specimens are shear dominant and therefore the total dissipated energy
can be assumed to be related to degradation of the shear moduli. For each increment
of the test the secant moduli, G12, and the dissipated energy, S, can be calculated.
222
The pristine shear modulus, G120, is found to be the value of G12 prior to non-linearity
being observed (S0). Now the shear micro-damage function can be found by plotting
gs = G12/G120 vs. S and arriving at the relation between the secant moduli and
micro-damage.
C.1.10 Transverse Micro-damage Functions
Tensile experiments of the [±30◦] and [+15◦] specimens will provide the same

















Where c = cos(θ) and s = sin(θ). For the [±30◦] laminate the assumption that
γxy = 0 can be made. Now that the lamina level strain are known the lamina level
shear stress vs. shear strain response can be found utilizing the shear micro-damage
















Where, after making the assumption that ν12ν21  1, the constituents are
Q11 = E11 (C.5)
Q22 = E22 (C.6)
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Q12 = ν12E22 (C.7)
Q66 = G12 (C.8)
Solving for τ12 results in,
τ12 = G120gs(S)γ12 (C.9)
With the lamina level shear response being known, the energy dissipated due to
shear micro-damage, S12, can be found and subtracted from the total energy, S, to
give the energy dissipation that has yet to be accounted for. This leftover energy will
be called the transverse micro-damage energy, S22.
S22 = S − S12 (C.10)
Solving Eq. C.4 for σ22 results in
σ22 = Q12ε11 +Q22ε22 (C.11)
Now, to stay consistent with the theoretical derivation of Schapery Theory, Q12 =
ν12E22 is assumed to be constant and non-dependent of S. Therefore the equation
for the transverse stress is,
σ22 = ν12E220ε11 + E22(S)ε22 (C.12)
Where,
E22(S) = E220es(S) (C.13)
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With the equation for σ22 derived as well as ε11, ε22 and S22 being known, a
simple iterative method can be used to solve for E22(S) while satisfying the required
dissipated energy that is missing, S22. Note that E22(S) is a function of the total






















Where ε11, ε22 and S22 are unique values for each data point of the experiment. By
giving an initial guess for E22(S) = E220, this initial guess value should be achieved
from testing of unidirectional specimens subject to tension in the transverse direction.
E22(S) can now be solved iteratively by minimizing the above equation. Once known
the transverse micro-damage function can be found by plotting at es = E22/E220 vs.
Sr , where Sr is the reduced damage variable for the entire energy dissipated.
Alternative approach for determining the transverse microdamage function is by
using the +/-45 tension test data and using a micromechanics model. A schematic of
the procedure is given in Figure C.1. In-situ matrix shear response is calculated using
a concentric cylinder model (CCM) and plasticity theory is used for calculating the
equivalent stress-strain response of the matrix. This material behavior is then sued in
the matrix material of the RUC (Representative Unit Cell) model and the RUC is sub-
jected to virtual transverse tension test to get the stress-strain response. Transverse
micro-damage function can be directly measured using the transverse stress-strain
response. More details on the procedure can be found in Ng et al. [77]. The dis-
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Figure C.1: Micromechanics based prcedure for acquiring transverse Schapery micro-
damage functions via. inverse analysis.
advantage of this method is that compressive response cannot be distinguished from
the tensile response.
C.2 Intra-laminar Properties for DCZM
Input parameters that need to be defined from experimental testing are the frac-
ture toughness and cohesive strength for mode I, mode II and mode III. The imple-
mentation of the DCZM element considers only two different types of modes, peel as
mode I and shear as mode II and III. Therefore it is required to get peel and shear
fracture toughness and cohesive strengths.
Mode I fracture toughness is acquired by the industry accepted standard for Mode
I Interlaminar Fracture, ASTM D5528 [116]. Mode II fracture toughness is acquired
by the industry accepted standard for Mode II interlaminar fracture, ASTM D7905
[118]. Mode I cohesive strength can be found using peel-off testing or by numerically
backing out it out by FE inverse analysis. Mode II cohesive strength can be found
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using an interfacial shear test such as the single lap joint (SLJ) test method and
numerically backing it out by FE inverse analysis.
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APPENDIX D
Face-on Impact and CAI Model Details
The following appendix contains detailed results from the face-on impact and CAI
model.









Figure D.1: BVID CAI results.
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